
ABSTRACT

PIEZOCERAMIC ACTUATOR PLACEMENT FOR ACOUSTIC CONTROL OF

PANELS

Jeffrey S. Bevan

Old Dominion University, 2000
Director: Dr. Chub Mei

Optimum placement of multiple traditional piezoceramic actuators is determined

for active structural acoustic control of fiat panels. The structural acoustic response is

determined using acoustic radiation filters and structural surface vibration characteristics.

Linear Quadratic Regulator (LQR) control is utilized to determine the optimum state

feedback gain for active structural acoustic control. The optimum actuator location is

determined by minimizing the structural acoustic radiated noise using a modified genetic

algorithm. Experimental tests are conducted and compared to analytical results.

Anisotropic piezoceramic actuators exhibit enhanced performance when

compared to traditional isotropic piezoceramic actuators. As a result of the inherent

isotropy, these advanced actuators develop strain along the principal material axis. The

orientation of anisotropic actuators is investigated on the effect of structural vibration and

acoustic control of curved and flat panels. A fully coupled shallow shell finite element

formulation is developed to include anisotropic piezoceramic actuators for shell

structures.
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CHAPTER I

INTRODUCTION

Background

The primary objective of this research is to determine the optimum placement of

traditional piezoceramic actuators to minimize acoustical radiated noise of vibrating fiat

rectangular panels utilizing active structural acoustic control (ASAC). However, this

research is based, in part, on contributing to the reduction of interior noise of subsonic

aircraft. Therefore, secondary research objectives include active vibration and acoustic

control of curved panels, radiation filters for curved panels, and advanced actuator

concepts based on anisotropic piezoceramic materials. However, active structural

acoustic control using anisotropic piezoceramic has not been addressed in the literature.

Therefore, this research develops a coupled finite element shell formulation to evaluate

the performance of anisotropic piezoceramic actuators for structural acoustic and

vibration control of curved panels.

Structurally radiated noise of a fiat rectangular panel is dominated by the first

structural vibration mode which inherently possesses poor coupling to piezoceramic

actuators. Therefore, to achieve the maximum benefit of ASAC, optimum piezoceramic

actuator locations becomes an important factor. Pursuing this objective entails a multi-

disciplinary approach encompassing several aspects of active control of structural

vibrations and structure-borne radiated noise of flat and curved panels. To this end, items

investigated include incorporating advanced anisotropic piezoceramic transducers,

development of a coupled mixed field finite element formulation of a triangular shallow

The journal model used for this dissertation is AI,4,4 Journal.



shell element with integral piezoceramic material, development of structural acoustic

radiation filter design for curved panels, and implementation of a genetic algorithm to

determine ideal locations of multiple piezoceramic actuators.

Literature Survey

Anisotropic piezoceramic transducers recently appeared in the literature as a

method of increasing the overall actuator performance of piezoceramic material, t

Furthermore, the anisotropic design also provides convenient twist actuation control of

structures not obtainable with traditional isotropic piezoceramic. 2 The research in the

literature primarily investigates design and manufacturing aspects of active-fiber

composites (AFC) and macro-fiber composites (MFC) targeting maximum performance.

However, applications of AFC and MFC found in the literature have been limited to

global torsional control of structures utilizing placement of the actuators. 2 Smart

structure technology utilizing AFC or MFC concepts for active vibration control (AVC)

and active structural acoustic control (ASAC) have not been investigated in the literature.

The general anisotropy of polyvinylidine fluoride (PVF2) was considered for active

control of plates by Miller et al; 3 however, his solution relies on classical plate theory

and the coupled charge equation developed by Lee 4, thereby requiring knowledge of the

displacement field of the PVF2 lamina.

The objective of this research is to provide methodologies for transducer

placement for smart structures during the design stage for ASAC implementation. ASAC

requires a robust and accurate structural dynamic plant model suitable for candidate

control strategy that may be applied. If a physical structure exists, system identification

is often performed to estimate the structural dynamic characteristics, which supports



physical realizationof the control implementation. Typically, however, the physical

structuredoesnot existduring thedesignstage;hence,the finite elementmethodaffords

anefficient andflexible approachto obtaina structuraldynamicplant model. Thefinite

element model can also readily support additional structural modifications and

subsequentplantdynamics.

Many finite elementformulationsincorporatingthe piezoelectriceffectappearin

the literaturesinceits introductionin 1970.5 Initial modelingof piezoceramicstructures

utilizedhexahedral(solid) finite elementstherebytreatingthepiezoceramicasa complete

structurein andof itself. Tzou describesthis approachin greatdetail for plates,shells,

and sphericalgeometries.6 Given the computationaleffort andmodelingdifficulties of

implementinghexahedralelementsfor smartstructures,wherepiezoceramictransducers

representa relativelysmall portionof thestructure,TsengintroducedGuyanreductionto

reducethetotal degreesof freedom(DOF) of asolid piezoceramicelement.7 Hwangand

Park8 developeda modified piezoelectricplate elementwith one electric DOF per

element further increasingcomputational efficiency. A modified, high precision

composite,fully coupled rectangularplate elementwas used by Zhou 9 to suppress

nonlinear panel flutter using piezoceramic transducers. The same element was further

developed and experimentally validated by Bevan l° to include piezoelectric coupling due

to moderately large structural displacements.

Researchers successfully applied finite element analysis of smart structures with

piezoceramic transducers for flat surfaces, though literature results for curved or shell

structures remain limited in number. Tzou and Ye developed a laminated quadratic C °

piezo-elastic six-node triangular shell finite element. 11 This formulation, based on a
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layerwise constant shear angle theory, applies to shell structures in which the

piezoceramiclamina remainscontinuousand not segmented.Tzou et al. investigates

segmented piezoceramic transducers applied to laminated cylindrical shells; however,

this formulation is based on piezo-elastic shell lamination theory. J2 Saravanos developed

a new theory for piezoelectric laminates that combines linear displacement fields through

the thickness of the laminate for inplane displacements with layer-wise electric potential

field through the laminate. 13 By combining, or mixing, layer-wise potential and first-

order shear theory, Saravanos accurately and efficiently models both thin and moderately

thick laminated piezoelectric shells. However, since Saravanos uses an eight-node

element with bi-quadratic shape functions, this element will not support the anisotropic

requirements of arbitrarily placement of AFC or MFC transducers on a curved panel.

Since this research is concerned with the reduction of acoustic radiation of

vibrating structures, the physics of the radiated acoustic field must also be modeled.

Sound and structural vibration encompasses a broad and complex discipline. In general,

the vibrating structure and surrounding medium behave as a coupled system. More

specifically, the properties of the surrounding medium can affect the dynamic behavior of

the structure by adding mass, damping, and stiffness. Furthermore, the audible sound

spectrum perceivable by humans extends from 20 Hz to 20 kHz, which corresponds to

acoustic wavelengths in air from 17 m to 17 mm respectively. Hence, the physical

dimensions of the corresponding structural system dictates the choice of the mathematical

model used to characterize the associated acoustics, since resonances occur when

dynamic wavelengths and physical structural dimensions coincide. For example, if the



structuraldimensionsaremuch lessthan the maximumacousticwavelength,then it is

commonto useapproximationsthatgreatlysimplify thegovemingequations.

Another geometric considerationwhen formulating the structural acoustic

problementailsmodelingof the prescribedradiationfield. For example,radiationinto

free spacerequiresa different model than radiation within an enclosedvolume. This

researchconsiders the free space, far field radiation of a vibrating structure for

frequenciesnogreaterthan500Hz.

To characterizethe correspondingacousticradiationof a vibratingstructure,this

researchutilizestheconceptof acousticradiationfilters. The radiationfilter providesan

estimateof radiatedacousticpowerderivedfrom structuralvibrationcharacteristicssuch

as discretesurfacevelocities. The modal approach,or spatial filtering, for analysisof

exteriorradiationproblemshavebeenrecentlydevelopedby Borgiotti,14'ls'16Photiadis,_7

Sarkissian, 18 Cunefare, 19'20'21 Cunefare and Currey, 22 and Elliott and Johnson. 49 This

approach exploits the inherent structural modal interaction that produces the acoustic

radiation. Researchers have determined that the structural vibration modes do not radiate

independently; in fact, a strong coupling exists between the structural vibration modes

and the radiated acoustic field. Due to this strong dependence, it is possible to reduce the

vibration of a dominant vibration mode while having little or no effect on the overall

radiated sound. Formulation of the radiation filter requires a radiation operator

dependent on frequency and structural geometry. The radiation operator characterizes the

coupling of structural and acoustic modes and can be derived to incorporate desired

pertinent acoustic properties. For example, a radiation operator for three-dimensional

structures requires the use of Helmholtz integral while for planar structures the use of



Rayleigh'sintegralis requiredto developa radiationoperator.Researchershaveapplied

severaltechniquesto extractradiationinformationfrom the radiationoperatorincluding

singularvaluedecompositionl4andwave-vectorfiltering.17Eigenvaluedecompositionof

the radiation, or coupling operator,yields a set of frequencydependentorthogonal

eigenvectors,which representacousticradiationmodesand correspondingeigenvalues

proportionalto their radiationefficiencies. The acousticradiationmodesshouldnot be

confusedwith eitherstructuralvibrationmodesor acousticmodesof enclosedvolumes.

The radiation modes can be consideredas orthogonalbasis functions spanningthe

radiationdomainspace.Theassociatedradiationefficienciesprovidea meansof ranking

thedominantradiationmodes,thus indicatingsignificantoffending radiationmodesthat

canbetargetedutilizing ASAC for noisereduction.

Baumannet al. 23 implemented linear quadratic regulator (LQR) feedback control

to minimize the radiated power of a vibrating beam by augmenting the state space system

with radiation filters. Hence, he achieved structural acoustic control by targeting

offending radiation modes for the vibrating beam. Recently, Gibbs et al. 24 developed the

radiation modal expansion (RME) method to efficiently approximate radiation filters for

real time digital signal processing applications.

As previously discussed the objective of this research involves determining the

best piezoceramic actuator locations for the reduction of radiated noise during the design

process of a typical smart structure. Not only does the finite element method provide

accuracy and modeling flexibility, it also provides element nodal sensor information that

can be utilized in full state feedback control. One disadvantage of full state feedback

control is that all states must be available. Due to physical constraints and practical
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limitationson thenumberof sensorsavailable,full statefeedbackmaynotbeachievable

for real structures. In practice, this leads to implementingstate estimators,which

provides the requisite feedbackinformation. Furthermore,real control applications

contain inherentnoisecontaminationfrom sensorsthat limit control performance. In

effect, the controller is unableto distinguishbetweenerroneousnoiseand the desired

sensorsignal. Oneapplicationusedfrequentlyfor reasonablemodaldensityis the linear

quadraticgaussian(LQG) control law, which includesa stateestimatorand exogenous

noisecontributionto both sensorsand actuators. ImplementingLQR requiresfull state

feedbackand provides optimal gains that prescribean upper bound, or limit, to

achievableperformance.25Thus,this researchimplementsLQR control to determinethe

best locationof piezoceramicactuatorsto achievethe theoreticalupper limit of ASAC

performance. Furthermore,sinceprediction of the absolutenoise reductionis not an

objective,theoptimumactuatorlocationsarevalidatedby experimentsandcomparedto

theupperboundpredictions.

Piezoceramicactuatorplacementis determinedby prescribingan actuatorsize

that is commonlyavailableand applying a geneticalgorithmbasedsearchmethodto

evaluatethe best locations. The goalof this researchis not to developanoptimization

methodbut to implementaprovenmethod. Thegeneticalgorithm(GA), or evolutionary

algorithm(EA), is a searchmethodderived from the mechanicsof naturalselectionand

genetics. The algorithmis a structuredrandomsearchmethodutilizing survival of the

fittest informationof previous iterations. Hence,they exploit historic information to

speculateon potential searchpoints. SalientGA characteristicsthat distinguishthem

from traditionaloptimizationtechniquesinclude26
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• GAsworkwith acodingof theparameterset,not theparametersthemselves.
• GAssearchfrom apopulationof points,not asinglepoint.
• GAs use payoff (objective function) information, not derivatives or other

auxiliaryknowledge.
• GAsuseprobabilistictransitionrules,notdeterministicrules.

Many optimization problems have been successfully solved using the GA. Ryou

et al. 27 determined the piezoelectric electrode shape for modal control of a cantilevered

beam using a genetic algorithm. Simpson and Hansen 28 implemented GA to determine

optimum actuator locations for active noise control (ANC) for enclosed spaces. Yao et

al. implemented GA to determine senor locations of large space structures for modal

identification. 29 Tsao 3° determined sacrificial anode locations for optimum cathodic

protection of submerged structures using the GA. The above references indicate research

that is closely related to the work described herein, thereby demonstrating the ability of

GA to be applied to this current research.

The GA was selected since the literature demonstrated its ability to successfully

handle similar optimization problems and that it is applicable to many problems with

little or no modifications. This research utilizes the reduction in overall structural

radiated power as the GA performance index, or cost function, to search for the optimum

actuator locations. The LQR feedback control determines the theoretical maximum

achievable reduction in sound power for the given actuator location.

Outline

Considerable research for each of the individual topics discussed herein can be

found in the literature, so this research applies a multi-disciplinary approach to achieve

maximum benefits of ASAC from optimum piezoceramic transducer placement. This

dissertation is organized as follows. Chapter II introduces the piezoceramic phenomena



includinganisotropicpiezoceramics.ChapterIII presentsa triangularshellfinite element

formulationthat includesanisotropicpiezoceramiclamina. An effort hasbeenmadeto

develop a generalizedformulation to handle arbitrary double curved shallow shell

geometryapplicableto laminatedcomposites.ChapterIV pertainsto structuralacoustics

aspectsusingtheradiationfilter concept,including theformulationof radiationfilters for

curved panels. The resulting radiation filters are amenableto ASAC methodologies.

ChapterV discussesfeedbackcontrol and geneticalgorithm optimization techniques.

Combiningfinite elementanalysis,acousticradiationfilters, LQR feedbackcontrol,anda

geneticalgorithmyieldsa completeanalyticalmodel. ChapterVI discussesexperimental

test resultscomparedto numericalanalysisfor actuatorplacement. Severaltestpanels

with variousactuatorlocationsare testedand modeledand their resultsare compared.

The testpanelsare subjectedto an acousticdisturbanceand the acousticreductionof

acousticradiatednoise is used as a measureof actuatorperformance. ChapterVII

providesconcludingremarksandfuturerecommendations.
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CHAPTER II

PIEZOELECTRICITY

Introduction

The phenomena of piezoelectricity describes a material that generates electrical

charge due to applied mechanical stress or conversely, one that undergoes deformation

due to an induced strain when subjected to an external electric field. Literature indicates

that researchers have studied piezoelectric materials since their discovery by Pierre and

Jacques Curie circa 1880. The piezoelectric discovery directly resulted from Pierre

Curie's research between crystal symmetry and so-called pyroelectricity. 31 The term

piezoelectricity, proposed by Hankel, describes the well-known interaction between

electrical and mechanical systems.

Piezoelectricity and Electric Polarization

To understand piezoelectricity, first consider the concept of dielectric

polarization. A dielectric, or insulator, describes a material that does not support

electrical conduction and restricts or completely impedes charge motion within the

material when subjected to an external electric field. This class of materials is in contrast

to electrical conductors where charges migrate freely when exposed to a similar electric

field yielding electric current. An important distinction between these two materials is

the presence of an internal electric field within the dielectric and the absence of an

electric field within the conductor. The presence of this internal electric field results in

an electrical polarization of the dielectric. The phenomenon of polarization describes the

net, or macroscopic, electric field resulting from deformed, or altered, microscopic
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electric fields of individual atomsor molecules. The linear artificial dielectric model

helpsillustratethepolarizationphenomena.

Beforeexaminingdielectricsa review of free spaceelectrostaticsis beneficial.

Figure2.1showstwo parallelconductorsin freespacewith aconstantvoltagesource.

+q + + +

E

-q

Figure 2.1

+ +

v d

11
Parallel Plate Capacitor

The electric field between the conductors is simply

V
E = --

d

The total charge on the upper conductor, obtained from Gauss' law, is

(2.1)

A

The capacitance describes a linear relation between the charge and voltage as

EoA
q = -- V - CV (2.3)

d

where £o is the free space permittivity. In terms of field quantities, a linear constitutive

relation is defined for the electric flux density as

D = EoE (2.4)

These relations are restricted to free space, and if any other dielectric material is

placed between the conductors both the charge and field will differ from the above

results.

q = J'DdA = CoEA (2.2)
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For example,insertinga dielectricmaterialbetweenthe conductorsasshownin

Figure2.2producesinterestingresults.

+q + + + + +

iiiiii i ii
iiiiiiiii

_q -

Figure 2.2

T
V d

Parallel Plate Capacitor with Dielectric

The charge per unit area of the conductors in free space becomes

Q = --q = £o __v (2.5)
A d

While maintaining a constant voltage the surface charge increases due to the inclusion of

the dielectric and becomes

V

Q' = Eoe, 7 (2.6)

Thus, the increase in charge due to polarization becomes

p=Q'-Q

v v

=Eo¢7-Eo 7
resulting in the following normalized charge distribution

D=EoE+P

where

(2.7)

(2.8)

P=g(¢-I)E

=¢,zE
(2.9)

and the dielectric susceptibility is defined as Z = g - 1.
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The electromagneticconstitutiverelation indicatedin Eq. (2.4) is applicableto

free-spaceonly. However,substitutingEq. (2.9) intoEq.(2.8),yieldsthe following linear

dielectricconstitutiverelation

D=£E (2.10)

where the dielectric permittivity is defined as e_=e.,,_, _ denotes the relative

permittivity of the material and describes the charge storage capability of the material

through polarization.

Linear dielectric polarization characterized by electromagnetic field theory as

described above, is based on macroscopic observations and does not provide any insight

to the mechanism responsible for the polarization. Further insight to polarization

necessitates a microscopic approach at the molecular, or atomic level. Specifically,

atomic reaction external electric fields must be examined. Atoms have a positive charged

nucleus surrounded by a cloud of electrons that statistically remain electrically neutral.

When an atom is subjected to an electric field the equilibrium charge distribution is

shifted resulting in a dipole moment as

,u=q6 (2.11)

where q is the total charge and 6 is the separation distance. Since the centroid of electron

charge volume moves a distance 6, the total charge volume becomes $6 for area S. The

surface charge per unit area of the macroscopic dielectric becomes

Q = Nq6 (2.12)

for N molecules per unit volume. Substituting Eq.(2.11) into Eq.(2.12) yields

Q = N/.t (2.13)
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which describesthe polarizedsurfacechargedensityand is equivalent to P derived

underthemacroscopicelectromagneticfield theory.

The macroscopictheory identifies the external field sufficiently for analysis;

however,it is unableto characterizetheinternal,or effective,field behavior.To examine

the internalfield of apolarizeddielectricin a uniform field, a simplified methodusedby

Lorentzis veryuseful.32Consideran infinitesimalvolumedescribedby surfaceA within

the dielectric shown in Figure 2.3.

TT TTT

""'''Tt t -.--.-,
l jill -q

Figure 2.3 Effective Electric Field

The dielectric external to A is considered as a continuum while inside A is

assumed to be on an atomic scale.

following fields:

The internal field can be expressed as the sum of the

E,, = E-Ej +Ep +E,, (2.14)

where E is the external field, E a the depolarizing field on the external surface of the

dielectric, Ep the polarizing field of the charges on surface A, and E_ is the field of the

dipoles enclosed in surface A. The internal field is a manifestation of the interaction of

physical lattice structure of the material and will be discussed subsequently. Although

internal fields cannot be readily measured, they are important for understanding nonlinear
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ferroelectricbehavior. Theinternalandtotal field effectsof piezoelectricmaterialswere

investigatedby Main et al. to develop high precision position actuators. 33

Dielectric polarization results from the formation of dipoles, however various

mechanism are responsible for several types of polarization. Electronic polarization

results from the formation of dipoles due to an electron cloud. Molecular polarization

stems from dipoles resulting from the deformation of ionic molecular bonds. Polar fluids

exhibit orientational polarization when the polar molecules align in a field.

Dielectrics exhibiting spontaneous electric polarization are categorized as

pyroelectric. The term 'spontaneous' implies polarization exist in the absence of an

external field and is sometimes called remnant polarization. Furthermore, linear

polarization theory fails to describe materials that exhibit hysteresis between the electric

field ( E ) and the electric flux density ( D ), as shown in Figure 2.4, which are referred to

as ferroelectric materials in the literature.

Figure 2.4 Electric Polarization Hysteresis

All ferroelectric material exhibits this nonlinear behavior and most dielectrics are

ferroelectric. However, in solving field problems small variations about a quiescent point
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suffices,thus anypoint on the hysteresisloop canbe assumedlinear.34 A ferroelectric

materialrefersto a sub-classof pyroelectricsandis characterizedby their mobility of the

spontaneouselectricpolarization.Hence,thephysicaldirectionof thepolarizationcanbe

manipulated,or oriented,by applying an external field of sufficient strength. Since

ferroelectricis a sub-classof pyroelectrictheyalsofollow temperaturedependency.The

most significant of which is a temperature where polarization ceases and the material is

said to be paraelectric. The Curie point defines the temperature at which the spontaneous

polarization ceases.

Piezoelectric is a sub-class of ferroelectric and is characterized by deformation

yielding a change in polarization. Hence, piezoelectric material is a ferroelectric

characterized by an electric polarization that can be altered by an external field of

sufficient strength. Furthermore, they also possess temperature dependant properties.

Hence, piezoelectric materials can be manufactured using ferroelectric ceramics and their

polarization can be manipulated through poling. The poling process establishes the

ferroelectric axis by aligning the dipoles between electrodes that apply a field of

sufficient strength. It is common that during the manufacturing process of advanced

transducers the piezoceramic may be exposed to temperatures exceeding the Curie point

thus destroying any polarization. However, the specimen can be re-poled to create the

desired polarization. The piezoelectric phenomenon is observed in many materials such

as natural quartz and Rochelle salt, polycrystalline ceramic, and semi-crystalline

polymer.
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Piezoceramics

circuit

Piezoelectric crystals proved ideal for certain transducer designs and discrete

devices operating in both on and off resonant conditions. However,

crystallography dictates the polarization axes and thus limits selected applications. These

restrictions are greatly relaxed due to manufacturing of piezoceramic. The manufacturing

process for piezoceramic consists of combining a mixture of oxides with a binder that can

be formed into the desired geometric shape. For example, readily available piezoceramic

devices include planar monolithic wafers, disks, rings, rods, and shells. This "green"

specimen is then sintered, yielding a polycrystalline ceramic with inter-granular bonds

sufficient to facilitate the polling process.

The most common piezoceramic shape utilized in smart structure technology is

the thin planar monolithic wafer shown in Figure 2.5.

Electrode Surface 3

+V

Piezoceramic

Figure 2.5 Traditional Piezoceramic Wafer

The planar surface area consists of plated electrodes that facilitate uniform poling through

the piezoceramic thickness. The poling process establishes domain structure realignment

resulting in the prescribed piezoelectric effect. The resulting wafer exhibits plane strain

when subjected to an electric potential across the electrodes. Since the electrode ensures

an equipotential surface and the ceramic is homogeneous in both the 1 and 2 directions
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the induced strain is equalalong the 1 and 2 directions. The piezoelectric charge

coefficients describe the resulting induced strain, or the applied stress and the charge

The piezoelectric charge coefficients for aapplied or charge generated, respectively.

general wafer is denoted as

[0°00 i][d]: 0 0 d,5 0
d3! d32 d33 0 0

(2.15)

where subscript ij indicates the poling direction is along the i axis yielding strain along

the j axis. For the thin monolithic wafer, d3t=d32 and d33=d15=O. The piezoelectric

charge constants [d] describe the effectiveness of the piezoelectric performance. For

example, if sensing is desirable, piezoceramics characterized by large d o constants exhibit

increased sensitivity to the applied state of stress, thus generating sufficient charge to

enhance the signal-to-noise ratio. Such piezoceramics are referred to as high sensitivity

'soft' materials and include lead zirconate titanate (PZT) -5A, -5B, and -5H among

others. Conversely, high power 'hard' materials, such as PZT-4, -4D, and -8 can

withstand substantial electrical excitation while producing large strains. Hard

piezoceramics typically have smaller de constants to maximize larger applied fields.

Anisotropic Piezoeeramics

Traditional piezoceramic devices are homogeneous and isotropic resulting in a

uniform electric field distribution as previously described. Recently, advanced

anisotropic piezoceramic transducer concepts have appeared in the literature. For

example, Active Fiber Composites (AFC) introduced by Bent and Hagood I and Macro

Fiber Composites (MFC) introduced by Wilkie 35 are two such examples of anisotropic
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piezoceramicmaterials. A typical AFC packagewith interdigitalelectrodesis shownin

Figure2.6.

PZ-F Fiber
3

Figure 2.6 AFC Package

The MFC transducer concept is similar to the AFC transducer except that the

fibers are rectangular and have a much greater cross section. For example, the AFC

transducer constructed by Bent uses circular fibers with a diameter of 129/.tm, l where as

the MFC transducer produced by Wilkie has rectangular fibers with a thickness

254.07gm .35 A typical MFC transducer is shown in Figure 2.7.

3

Figure 2.7 MFC Transducer

The research presented herein utilizes the MFC concept. However, the

formulation presented is equally applicable to both AFC and MFC concepts. For clarity

the acronym MFC will be used to describe general anisotropic piezoceramic actuators.

The obvious benefit of MFC is an additional geometric design parameter allowing

actuation authority along a preferred direction. Although the MFC package resembles the
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conventionalmonolithicwafer,theappliedfield deliveredby theinterdigitalelectrodeis

along the 1 direction as opposed to the 3 direction. The electric field established in the

MFC by the interdigital electrodes yields a comparable effect of a rod with end cap

electrodes characterized by the d33 charge constant as shown in Figure 2.8. Thus, when

referring to MFC transducers, dll and d12 are synonymous to d3j and d32 of traditional

monolithic configurations.

Electrodes

Figure 2.8

3

Equivalent MFC Interdigital Electrode Model

Readily available piezoceramic materials exhibit a larger piezoelectric constant if

the strain and polarization axis coincide, compared to the condition when the strain is

transverse to the polarization axis or applied field. Hence, traditional monolithic

piezoceramic patches have inherently lower performance operating in plane strain since

d3t is less than d33. However, the MFC concept yields plane strain while exploiting the

d33 polarization along the principal strain direction. Hence, the intrinsic benefit of the

anisotropic design. Furthermore, each piezoceramic layer may have an arbitrary

orientation angle producing inplane shear strains capable of inducing complex traction

forces. Hence, the host structure now may experience twisting as opposed to pure
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bending and membranestrain commonly associatedwith traditional piezoelectric

actuators.

Theinherentelectricalandmechanicalanisotropyof MFC transducersrequiresa

morecomplexmodel than traditionalPZT to accuratelycharacterizeits behavior. The

difficulty arisessincetheappliedfield is no longeruniform throughouttheceramicas in

theconventionalmonolithic wafer. The field establishedby the interdigitalelectrodeis

piece-wisecontinuousalongthe 1 principal direction as shown in Figure 2.6. The field

non-uniformity along the 2 direction results from anisotropy characterized by matrix

dielectric. For example, the fiber may be circular or rectangular, thereby producing a

non-uniform field in the piezoceramic. Bent developed macroscopic property models

along with detailed finite element analyses of the AFC transducer and concluded that

field non-uniformity effects are negligible. 36 The inherent anisotropy further complicates

the model since the matrix permittivity differs from that of the PZT ceramic. This

dielectric mismatch can impede the applied electric field from reaching the PZT. A large

dielectric mismatch can lead to a complete dielectric breakdown. This phenomenon

results in a large electric field gradient producing a fault current between electrodes, thus

completely diverting the electric field away from the ceramic, which renders the actuator

ineffective. This effect was observed mainly when the matrix was doped to enhance

dielectric performance. Recently, Janos and Hagood achieved improved dielectric

performance by including magnetic particles within the matrix. 37

Furthermore, the geometry of the MFC device provides some interesting

observations. Recall that traditional piezoceramics maintained isotropy and a uniform

electric field, which followed the linear piezoelectric theory. 38 The first feature of the
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MFC conceptis theelectricfield distributiondueto theinterdigitalelectrodesandfibers.

The MFC device is symmetricalong the mid-planeaxis thus the top and bottom

interdigitalelectrodeestablishesasymmetricfield distribution. Recallthat thetraditional

PZT wafer yields a uniform field distribution. This uniform field distribution

convenientlydefinesthe field strengthas the appliedvoltageper distancebetweenthe

opposingelectrodes.However, if we refer to electromagneticfield theory, the electric

field strengthis defined as the negativegradientof the applied electric potential, for

example

{E} =-VV (2.16)

Thus, the electric field is a function of the geometryof the given potential difference.

Furthermore,the boundaryconditionof a conductorspecifiesthatthe tangentialelectric

field mustbezeroandonly a normalfield componentexists. Therefore,thegeometryof

parallelconductingplates,analogousto a traditional PZT wafer,yields a uniform field

normal to the conductorsasshownin Figure 2.9(a). However, if the samepotential is

prescribedbetweenaconductingplaneandvertex,thenthefield strengthis characterized

by thegradientof thepotentialasdescribedin Eq.(2.16)andshowngraphicallyin Figure

2.9(b).

+ oT
-V _ -V

(a) (b)

Figure 2.9 Electric Field Potential Gradient
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Therefore,a significantlylarge non-uniformelectric field distribution existsdue to the

gradientof theappliedvoltagepresenton the interdigitalelectrodesof anMFC waferas

shownin Figure2.10.

3

1
Electrodes

Figure 2.10 Non-uniform Electric Field Distribution of MFC

Within the area directly under the interdigital electrode, the piezoceramic

experiences high field gradients of opposing directions; thus, the linear piezoelectric

theory approximations may be exceeded.

finite element analysis code; however,

Bent 36 analyzed this effect using ANSYS ®

Bent assumed that the piezoceramic was

uniformly poled along the length of the fiber, which is in contrast to the current MFC

manufacturing process where the fiber is polled in situ and is therefore non-uniform

along the fiber length.

Consistent with composite

coordinates are independent

geometrical transformation.

Figure 2.11.

laminate theory, the local or principal material

of the global coordinates and are related through a

The geometric orientation of an AFC patch is shown in



24

3,Z

Figure 2.11 Principal and Global Coordinate Relation

The piezoceramic charge constants are proportional to strain and therefore follow

the strain transformation found in composite mechanics. 39 Thus, the global charge

constants can be determined from the material principal constants as

i t[cos2 d v = sin 2

d -2 coscrsino'

COS 2 t2'

= sin 2 o_

- cos o_sin tz

sin2 cos sin fd,,1
COS2 a' -cosctsincr 2 oo

2coscrsinct cos 2or-sin 2or

sin 2 cr 2 cos tr sin cr ] [dll }
cos 2 a' -2 cosa'sin o' [_dl2

coso_sina' cos 2a_-sin:ocj[ 0

(2.17)

The piezoelectric Charge constants d/i and d12 are being used to describe the MFC

transducer pursuant to subsequent finite element analyses. When referring to traditional

PZT transducers, charge constants d/1 and d12 are equivalent to d31 and d32, respectively.
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CHAPTER III

FINITE ELEMENT FORMULATION

Introduction

The three-node MIN6 shallow shell element developed by Tessler 4° is modified to

include the addition of piezoceramic electrical nodal DOF, cylindrical curvature, and

membrane displacement field. The triangular element consists of fifteen structural nodal

DOF to describe bending, rotation, and extensional displacement fields. The element

formulation employees an anisoparametric interpolation scheme since quadratic

interpolation polynomials approximate the deflection, while linear polynomials

approximate the rotation and membrane displacement. This modeling is in contrast with

isoparametric formulation where identical degree polynomials interpolate each of the

primary variables. Using a quadratic polynomial for displacements requires six nodes per

element; however, Tessler constrains the mid-edge nodes thereby achieving a reduction

in element nodes. The MIN6 element is an enhanced version of Tessler's MIN341

triangular Mindlin plate element. Subsequently, Chen demonstrated the ability of MIN3

to perform well under cylindrical curvature since he determined nonlinear post-buckling

response with incremental structui'al deflections. 42 This research further enhances the

MIN6 element capability by including anisotropic piezoceramic materials in conjunction

with first order shear deformation theory resulting in a fully coupled electrical-structural

composite shallow cylindrical shell finite element.

Element Displacement Functions

The element displacement field components Ux, Uy, and Uw, consistent with

Mindlin theory, are described as
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u x = u(x,y,t)+ _0,. (x,y,t)

uy = v(x, y,t) + -50_(x, y,t) (3.1)

u w = w(x,y,t)

where u, v, w represent the mid-surface membrane (inplane) and transverse (out-of-plane)

displacements; bending rotations of the normal about the x and y axes are given by Ox and

Oy respectively. The element geometry is shown in Figure 3.1. The arbitrary shallow

shell shape is described by ho(x,y) and is related to the z-axis as _ = z- ho(x, y). The

cylindrical shape chosen for this research resulted by limiting the curvature to one

direction; however, the formulation presented herein applies equally to geometry

described by a double curvature.

Z, W

X, lg

Figure 3.1

i;oceramic Lamina

', h,,(x,y)

I [ I : k,.o,

Shell Element Geometry

The element nodal displacement vectors are defined as

LoJ Lw J Lw,J}

_ y,v

(3.2)

=Lw,w2 w31 (3.3)
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{o}'=Lo_,0_ o. 0,, 0,_ 0.3 (3.4)

{wmI_=L,, u2 ,3 v, v2 v_/ (3.5)

where each electrical DOF is the coupled electric potential of each piezoceramic layer.

For example, considering np piezoceramic layers, the electric potential DOF is given by

{w.}r=L V, ... v.pJ (3.6)

The electrical DOF follows traditional finite element assembly method where the electric

boundary condition stipulates an equipotential across interelement boundaries for each

continuous piezoceramic transducer. If more than one piezoceramic transducer is used,

each is prescribed by an independent electrical DOF.

Given that the piezoelectric constitutive relation includes inherent two-way

coupling between strain and charge, the electrical DOF must also account for the coupled

fields. Hence, the intrinsic electrical DOF simultaneously describes both the self-

generated charge, or sensor voltage, and the externally applied charge, or actuation

voltage. The applied voltage and charge are linearly related through the piezoceramic

capacitance as shown in Eq. (2.3). Further examination of the piezoelectric constitutive

relation is discussed in greater detail in the subsequent Constitutive Relations section.

The displacement field throughout the element is determined by interpolating the

nodal displacement as

w(x.y.,)=LH.J{wb}+LH.o__o} (3.7)

O_(x,y,_)=LI-I_J{oI=L¢,¢2 _3

o,(_,y,,)=Li-Io,J{oI=Loo o

L2 L3 MI

o o o_o}

_, _:2 _3J{ O}

(3.8)

(3.9)
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u(x,y,t)=[_Hu_l{Wr,}=[_4t 42 43 0 0 0_]{Wm} (3.10)

v(x,y,t)=LHv]{W,,}=]O 0 0 41 42 _3.J{Wm} (3.11)

where _, are the area coordinates and L, and M_ the quadratic interpolation polynomials.

Area, or natural coordinates commonly used to describe triangles, refer simply to area

ratios as shown in Figure 3.2.

3

Side 1

Side 3

/_3=1

_3=1/2 t it

_i=1/2

Element Area Coordinates

i X

Figure 3.2

These area or natural coordinates x,,42,_3 are related to the geometric coordinates by

utilizing the following transformation relations

f'' '1{'}=: XI X2 X2 42

Yl Y2 Y3 _3

4,
4_
4_

Fx2y3_x3y2y2_y3x3_x }{il1

= 3-_l x3Y, x,y3 Y3 - Yl xi - x3

Lxly2 x2yl Yl - Y2 x2 - xl

(3.12)

where (x,, y, ) designate the ith nodal coordinate, and the triangular area A is given by

1

A : _((x 2 -x, Xy3-yi)-(x3- xiXy2-y,)). The interpolation functions are defined as

follows:
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__--l(b3N 4 -b2N 6)L1

L3 --l(b32N 6 -btN 5)

M 2 =l(a3N 4-aIN 5)

N4 = 4_1_:2 Xs = 4_2_:3 N6 = 4_3_,

a l = x32 a2 _ X13 as = X21

bl = Y32 b2 = Yls b3 = Y21

x,j = x, - x s Y,j = Y, - Ys

Strain Displacement Functions

L2 =l(b,N5 -b3N4)

M, = 8 (a2N6 -a3N 4)

M 3 =l(atN 5 -a2N 6)

(3.13)

t]{e}: e'y :{e°}+2"{tc} (3.14)

The Margurre membrane strain-displacement relations for a thin shallow shell are

defined as

• V,y "b ho,y w,y (3.15)

For notational compactness, the subscript comma is used to denote partial

Ou(x,y) Tessler4 0
differentiation with respect to the coordinate variable, therefore u, x = 0x

discusses an important inherent difference in the transverse displacement variables

defined in Reissner-Mindlin and Marguerre theories that must be addressed when the two

theories are merged. The Reissner-Mindlin theory includes shear deformation; therefore,

the transverse variable is a weighted average transverse displacement through the

The strain-displacement relation is expressed by including the membrane strain

and curvature as
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thickness,whereasMarguerretheory assumes mid-plane transverse displacement as a

consequence of neglecting shear deformation using the Kirchhoff theory. Enforcing the

Kirchhoff thinness assumption yields

(3.16)

Thus, the membrane strain in Eq. (3.15) becomes

{_o}= v,_ ,- ho,,O_
lu,_+v,_l h,,,_o_+ho,xO_

0itt- ho,, O,
=[C,.]{w,.}Lho,._ho,x Ox

=[co](wo}-[ho][C_](o}

(3.17)

For a cylindrical shell formulation ho, x = 0 and the remaining slope of the curvature is

determined from

b-2y

h°'Y=Z4r2_b2/4+b/y_y2
(3.18)

where b is the length of the cylindrical panel along the local y coordinate and r is the

radius of curvature, as shown in Figure 3.3.
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Figure3.3 ShellCurvatureGeometry

Furthermore,thecurvatureandshearstrainaredefinedas

I°_,x l{,4= e,,_ =[c_]{e}
lo_,y+O_,xl

(3.19)

=[c,,]{w,}+[c,,,](e}
(3.20)

The strain interpolation matrices result from completing the required

differentiation indicated by the strain-displacement relations on the displacement

interpolation functions. The defined strain interpolation matrices are summarized as

follows:

[Cm ] = ] 000]LH___x+LH.J,,LX_ x,3 x2, Y23 Y3, Y,2

(3.21)

F L-,Jx ] 1[ololl=/ LH,__I,v/=-- x,2
LL-.__. +L,:,__LJ 2ALY,,

0 0 Y23 Y31 Yl2

x_3 x2_ 0 0 0

Y31 Yu x32 xt3 x2_

(3.22)
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LL",,JJL¢,_; _'_o o

VLH._Ll 1Fx,2 X13 X21] (3.24)

FL-wo_ ,,+LH JI
<3.23 

Constitutive Relations

The/d h layer of the laminate specifies either structural or piezoceramic properties

and is characterized by the following coupled constitutive relations

{o'}k =[O]k ({eI-E ,k {dL ) (3.26)

=[o,],{y}

D3, = {d}',' [Q], ({el-E,, {d},) + E;,_E,, (3.28)

where i=l or 3 for MFC or traditional PZT transducers, respectively. The electric field is

related to the electric potential DOF

(3.29)

and h, describes the electrode spacing, either through the thickness for conventional

piezoceramics or the electrode spacing of the interdigital electrodes for MFC transducers.
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The constitutiverelationsdescribethe fundamentalbehavior of electrical and

mechanicalpropertiesusedthroughoutthe rest of the formulation. The electric flux

density D describesthe electricfield ".E independent of dielectric used as shown in Eq.

(2.10). However, the inherent two-way coupling between stress and electric field is

clearly indicated in Eqs. (3.26) and (3.28). Interestingly, the electric field and

subsequent flux density is a function of strain, which is related to the state of stress.

Therefore, the electric field intrinsically depends on strain, which is a function of the

electric field. This coupling must be accounted for whether the piezoceramic is a sensor

or actuator.

Laminated composite theory provides a convenient modeling procedure even if an

isotropic plate with bonded piezoceramic layers is considered, since the piezoceramic

constitutes a lamina. Hence, lamina reduced stiffness components are determined from

the principal material properties as

_ E, Q,2=
Q_ I_VI2V21 '

066 = G,2, Qn4 = G23,

vl2E2 , Q22 = E2
1 - V_zV2_ 1 -- 1,"12 V2 i

Q55 = GI2

(3.30)

The ability to accurately model piezoceramic anisotropy supports current research

trends in advanced transducer development. For anisotropic piezoceramic material, such

as an MFC transducer, the principal mechanical properties are included at the constitutive

level.

Force and Moment Resultant

Analysis of laminated composites maintains distinct lamina stresses; therefore,

utilizing stress resultants is imperative. The stress resultants, or force and moment per

unit length, are defined as



34

({N},{M}) = (1,2-)dY (3.31)

{R} = _;2;frY_1 dg (3.32)
Lrx: Jk

Utilizing Eqs.(3.31 ) and (3.32), it is useful to define the stress resultants as follows:

(3.33)

{R} = [A,]{?'}

where the extension, extension-bending, bending, and shear stiffness matrices are defined

as

n

[A] = _-"[_)] (2k+, - 2-k) (3.34)
k=l k

1 "

[B] = }-Y'_[0] (__+, - #) (3.35)
k=l k

1 "
= _ ) (3.36)

k=l k

n

[A,I = Z[0,], (_, -2-k) (3.37)
k=l

Considering the /dh piezoceramic layer and the coupled constitutive relations the

piezoceramic force and moment vectors are given by

({N.},{M,})=

Equations of Motion

Finite element equations of motion for the laminated composite shell with fully

coupled electrical-structural properties are derived utilizing the generalized Hamilton's

principle 43 to obtain
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_26(T - U + We -- W,, + W}dt = 0 (3.39)

where T and U are the kinetic energy and strain energy of the system, _, is the electrical

energy, W m is the magnetic energy, and W is the work done due to external forces and

applied electric field. The magnetic energy is negligible for piezoceramic materials if no

external magnetic fields are located near the specimen.

The kinetic energy of the shallow shell finite element is defined as

T= jlp({,}r {,}+ {zi}r {ti} + {_}r {9})dg (3.40,

where w, zi, and _) are the transverse and membrane velocity components and p is the

mass per unit volume, and g is the volume of the element. The potential and electrical

energy are defined as

u=fl({8}r{_}+{y}r{r})dV -- (3.4l)

We = [l{E}r {9}d_ (3.42)
¢_z

and the work done on the element by external sources is defined as

W = I{w}r{Fb}dg+ I{w}r{Z}dS +{wIr{Fc} - IVP,..,dS (3.43)
g " S 1 $2

where {Fb} is the body force vector, {F,} is the surface traction vector, {Fc} is the

concentrated loading vector, S 1 is the surface area of the applied traction, S 2 is the surface

area of the piezoelectric material, V is the voltage applied to the piezoceramic layer, and

Pc, is the total electrical charge due to self-generated piezoelectricity in addition to the

applied actuation voltage. Recall that a voltage applied to a capacitor yields an
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accumulationof chargeson its conductors.Thus,theactuationvoltageproducescharges

acrosstheintrinsicpiezoceramiccapacitance.In Hamilton'sprinciple,all variationsmust

TheHamilton'svariationalstatementmaybewrittenvanishat the time t = t_ and t = t 2.

as

v

-{6e}T {cr}+{6E} r {D}+{dw} r {Fh }1 d4:-

+ _{dwIr{z]dS _ _b'Vpc.,dS+{tSv}r{F_}=O (3.44)
Si $2

Evaluation of Eq. (3.44) leads to the development of the finite element matrices and the

elemental equations of motion. Employing the stress resultants, the variational potential

and electrical energy may be described as

6(U-W_)= !({6e°} r {N}+{6t¢} r {M}+et{6Y} r {R}-{gE} r {D})dA (3.45)

where the shear correction factor for the MIN6 element is defined as

_=/l + (tr(k_)0.5 _Tr _-_)/-' ' (3.46)

with tr(k_o)and tr(k o )denoting the trace or summation of diagonal terms of the coupled

shear-bending and bending element stiffness matrices respectively. Tessler provides a

more complete derivation for the shear correction factor along with an enhanced higher

order membrane interpolation scheme: °

The finite element equations can be determined by completing the variational

work statement in terms of the nodal values. Writing the stress resultants described in

Eq.(3.45) in the nodal quantities yields
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{N}=[A]{,_°}+[BI{tC}-{N_,}
=[AI[Cm]{wm}-[A][_]IC_vI{O}+[B][Ch]{O}-{N_}

(3.47)

{M}:[ BI{E°}+[Dl{tc}- {M0}
=[BI[cml{w_}-[B][ho]ICxy1{O}+[DI[Chl{O}- {M_}

(3.48)

{ R} = [A, ]ECrb ]{ wb} +[A t ]ECho ]{O} (3.49)

The variation of the electrical energy term in Eq.(3.45) is expanded by including

the piezoelectric constitutive relation in Eq.(3.28). Since the piezoceramic layers are

separated by general lamina, integration through the thickness must be carried out for the

np piezoceramic layers only. Hence, the variational electric energy becomes

A (3.50)

+C33k:E3k_ dA

Completing the integration with respect to 2 yields

_Lk=l (3.51)

1
Before continuing, we can further expand the definitions of the piezoelectric force

and moment vectors. The force vector may be expressed as

(3.52)
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Similarly, thepiezoelectricmomentvectorfollowsas

{Mo}=-[P,,l[8o]{wo} (3.53)

where

(3.54)

Equation (3.51) can be recast in matrix form using the above definitions as

i{a,,f (I_NIT{,o}+I_ ; {<-Ixl[_0T'{E,}+E_v][_07 {*,})_
,4

(3.55)

where

• °" 0

T m{d},_l_{d}, :
•.. {d}o_[_L{dg

(3.56)

Thus, by completing the necessary substitutions the variational energy statement becomes

d(U-We) = j'({ae°} r {N}+{6t¢} r {M}+tz{6y} r {R}-{dE} r {9}>
.4

=f{(-{ao}_E<]_I_of+{aw.}"E<f)
A

([AI[C.]{w.}-[a]Do][C_]{e}+[BI[C,]{e}-{X,})

+{ae}_[c,f([B][C.I{,%}-D][ho]ECx,,]{e}

+[z_]I¢l{e}-{v,})

(I_l[¢,]{-}+I_.,l[_,]{e})

-{aE}"{[e_]_([C°]{wo}-[ho]I-C_,.]{e})

+[p_]_[¢ ]{e}+([_"]-[,1)[ B0]' {*}}dA

(3.57)



ExpandingEq.(3.57)term by term yields expressions leading to the

matrices

= [.(-{8o}"[q,.]"[hol"lA][C,.]{,,,o}
.4

+{80} r [C,u ]" [ho ]r[Al[holECxu ]{8}

-{6oIT[c_,]'[h,,]_[BI[q]{O}

+{8o}"[q]_[hof{So}

+{?w,.}T[c,. ]"[A][Cm]{w,.}

-{6w,.}T[C,.]r[A][ho ][C_y ]{0}

+{6w,,} r [C,,, ]r [B][Cb]{O}

-{6w,,}r[c,,]r{N¢}

+{80} _[c_]" [B][C, ]{w,. }

_ {aO}T [Cb ]r [Bl[ho ][C_ ]{O}

+{8o}_[q ]:[Dl[q]{0}

-{80}_[C,]r{M,}

+,_{8,%}_[c.]"[A.][c:]{,,,,}

+o,{,_,,,_}"[c: ]"[.4,][c,_]{o}

+0:{60} r [C_ ]T IA, ][C_ ]{w h}

+,_{8o}"[c.]_[A,.][c.]{o}
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element stiffness

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)
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+{6w¢}" EBolr [P._,l'[cml{w_,} (3.74)

-{8_,}'EB,1_[p,,1_[holEe,,]1o} (3.75)

+{dw¢}r [B0 iv [PM ]r[Ch ]{O} (3.76)

+{6w,} r [B,] T ([e33]- [zl){w,}) dA (3.77)

Completing the generalized Hamilton's principle considering nodal DOF yields

inertia, external mechanical loading, and piezoceramic actuation quantities

,4

(p(x,y,,)-ph(L..J{a}+L..o]{o}))
(3.78)

-Ph{Sw.,} r ({H.}LH.J{iOm}-{H_}LHvJ{iO=})}dA

- I{a_o}_{po,}_
Sp

Evaluating the potential and electrical energies of the variational work statement yields

the finite element inertial and stiffness matrices. Succinctly expanding Eqs.(3.58)-(3.78)

using typical finite element notation clearly indicates element stiffness matrices including

fully coupled electrical-structural shallow shell element and element inertial matrices.

Each element stiffness matrix contribution is summarized as follows:

{SO}r[ko]{O} where [kb]= I[Cb]r[D][Ch]dA (3.79)
A

{Sw_}[k,,o]{O } where [km_]= I[cml r [BI[CbldA (3.80)
A

{80}[ko_,l{w_, } where [kb,,] = I[Cb] r [BI[C_,ldA (3.81)
A
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{C_W,,}T[k,,]{Wm} where [km]= I[cml'[AI[CmldA (3.82)
A

The following element stiffness matrices represent geometric stiffness due to the shallow

shell geometry:

{Stg}V[kho]o{tg} where [kbo]o=-_([Ch]r[B][ho][Cx,.]_ A (3.83)
A

{80}r[ko,]o{O} where (3.84)
A

r k{_w,,} [ mo]o{O} where [k,,o]o=-_[Cm]r[A][hol[Cx,]dA (3.85)
A

{6t?}V[ko,,lo{w,.} where [ko,.]o =-__C_]r [ho]r [Al[C,.]d A (3.86)
A

{6tg}r[kolo{tg}where [ke]o = _([Cxy]r[ho]r[A][ho][C_]_IA (3.87)
A

The following element stiffness matrices represent the shear strain effect:

ot{60}r[ko],{O} where [ko]= _Cro]r[As][C_e]dA (3.88)
A

Ce(6tg}V[kobl,(wb} where [kobl, = _C_o]r[A,l[Crb]d A (3.89)
A

OC{dWb}V[kbo],{O} where [k_]= __Crh]r[A,][Cro]dA (3.90)
A

Ot{6wb}r[kb]s{Wb} where [kb]s = _Cr_,lr[A_][Crbl dA (3.91)
A

The following element stiffness

stiffness:

matrices represents coupled

where [k.,,_] = ,,[[C,,,]T [Pu][B,_]d-A
A

piezoelectric-structural

(3.92)
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{6wo}T[kc..]r{W.,} where[k.]: _[Bo]r[PN]_[Cm]dA (3.93)

{5o;:E,_]{wo} ,,,,_r_Ek_o]=J'Ic,Yf<}[_o],,_
A

(3.94)

{6w_}rEk#]{8} where [k_]= JTB_]r[p_,y[C_,]dA
A

(3.95)

{8%}r[k_]o{O} where [k_]o=-__B_]r[p_,]r[ho][C_,,]dA
A

(3.96)

{6wb}r[k_]o{%,} where [k_]o = _C.,.]T[ho]r[pu][B4,]dA
A

(3.97)

A

(3.98)

The following element matrices represent inertial matrices and load vectors from

the potential energy and external work indicated in Eq. (3.78):

[m_]= f[HwirP[Hw]dA (3.99)
A

[mb°] = _[HwlTp[H._] dA (3.100)
A

[meb] = _[H_e]rp[H_] dA (3.101)
,4

[m,,, ] = I([H.]+[H_])rp([H.]+[H,,])dA
A

H r{p_(t)}= f[ .1 p(x,y,t)dA
A

H r{P°(')}= I[ wo] p(x,y,t)dA
A

(3.103)

(3. 104)

(3.105)
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{p_(t)}=_Ip_,dA (3.106)
A

Furthermore, using matrix equation notation yields the following finite element

equations of motion:

(3.107)

Once the element mass and stiffness matrices are determined, they can be applied

to specific structural configurations by prescribing boundary conditions, and associated

loading. By following conventional finite element assembly procedures a global system

of equations can be determined to represent the structure. Assembly can be carried out

for various loading and boundary conditions without calculating the element level

matrices.

Global Equations of Motion

Following standard finite element assembly procedures, the system equations of

motion can be expressed as

(3.108)

Assembly accounts for both the number of piezoceramic layers and multiple transducer

patches. To facilitate the solution process, it is convenient to manipulate Eq. (3.108) to
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First, Eq. (3.108) isaccount for the coupled field propertiespreviously discussed.

partitionedinto thefollowing two equations

[Ml{w}+([K.1*[x,]){w}+Ex.0]{w0}={pw} (3109)

and

{W,} = EK, 1-' {p_}-EK, I-'EKo,_I{W} (3.110)

Equations (3.109) and (3.110) resemble the actuator and sensor equations found in the

literature; however, since the electrical DOF {W_} is a primary variable and is inherently

coupled to the applied voltage and structural displacement {W} further simplification is

required. Given the inherent coupling Eq. (3.110) must be substituted into (3.109)

resulting in

iMllw}+(I_.I+r,_I_E,<0]E,_03.E,_){w}={,.}_E,c.3EK03'{e} (3.,,,)

Now, Eq. (3.111) represents the true actuator equation since the secondary variables

contain nodal forces and applied actuator voltages. The solution of Eq. (3.111) yields

structural deformation due to applied nodal forces and actuation voltages. However, if

the piezoceramic is used for structural sensing only, then the applied actuation voltage,

the secondary variable, {P_}, is zero, leaving the primary nodal variable, {W_}, (the

electrical nodal DOF) intact, resulting in the following coupled equations:

I<{wI÷(LK_I÷IK.I÷EK.,]E_]-'EKo.]){_}_-{p.} (3.,,2)

and
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Thesensorequationshownin Eq.(3.113)providesthenodalvoltagedueto thestructural

responsegiven the nodal structuralloadingof Eq.(3.112). Therefore,the actuatorand

sensorequationsmaintainthe fully coupledmixed field formulationsincethe structural

propertiesof the piezoceramicare retained. The global equations of motion of may be

solved simultaneously by maintaining that the electrical nodal DOF represents a sensor

and actuator signal. The simultaneous sensing-actuation signal was exploited by and

analog circuit developed by Dosch 44 et al. and through adaptive digital signal processing

by Cole and Clark. 45

Finite Element Validation

The finite element natural frequencies for a completely clamped aluminum shell

panel are compared to the Donnell-Mushtari 46 shell equations. The shell was 11 5/8"

long with a radius of curvature R=96 '' and a curved length of 9 5/8" with a thickness of

0.032". Mesh refinement was carried out to verify convergence to the analytical solution

and are shown in Table 3.1. The Donnell-Mushtari natural frequency for the first mode is

314.4 Hz., and the finite element analysis converges to 316.5 Hz., which is in error of less

than 0.5 %.

Table 3.1 Finite Element Convergence

Finite Element Analysis

Mesh Frequency ofMode l(Hz)

10xl0x2 328.9

12x12x2 323.3

14x14x2 319.9

16x16x2 317.9

18x18x2 316.5
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Numerical Examples of a Curved Panel With MFC

The triangular shell element facilitates arbitrary placement of anisotropic MFC

piezoceramic transducers on the structure. For example, not only does the transducer

location become important, the rotation angle of the MFC principal axes also becomes a

factor. The finite element model incorporates the MFC transducer concept utilizing

rectangular PZT-5A fiber properties. Figure 3.4 indicates the placement of the MFC

transducer on a curved panel modeled with triangular shell elements.

1

Figure 3.4 MFC Finite Element Mesh

To investigate the effect of the angle of orientation of the MFC actuator on

structural vibration control, an aluminum 10"xl4"x0.040" curved panel with radius of

curvature R=96 '' and a 2"x4"x0.010" MFC actuator located at the panel center was

modeled with 144 triangular elements for several orientation angles and compared to a

similar panel using a traditional 2"x4"x0.010" PZT-SA actuator. The finite element mesh

is shown in Figure 3.4. The triangular elements are arranged with eight rectangles in the

x direction and ten rectangles in the y as shown in Figure 3.5. The finite element mesh is

adaptively updated for each orientation angle c_.
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MFC Curved Finite Element Mesh

The electrical and mechanical material properties for the piezoceramic used are

shown in Table 3.2. The MFC properties were provided by NASA Langley Research

Center. 47 Note that the PZT-5A uses d31 values in lieu of dlt as previously described.

The mechanical properties of the MFC transducer were determined using

micromechanical analysis using representative volume fractions since it has not been

extensively tested to determine all of the mechanical properties. However, the

piezoceramic strain coefficients were experimentally determined using actual MFC

actuators.

Table 3.2 Piezoceramic Properties

a. (m/V)
a_2(rn/V)
Es (N/m e)

E2(N/m 2)

ph(Kg/m 2)

MFC

450e-12

PZT-5A

1.937

171e-12

-210e-12

36.5e9 69e9

7.5e9 69e9

1.96

171e-12

To evaluate the MFC actuator compared to traditional PZT-5A, an LQR feedback

controller was developed using the finite element model as the dynamic plant and a single
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piezoceramicactuatorto minimizethecurvedpanelvibration. Theactuatorwasplacedat

the centerof a cylindrical shellstructure,asshownin Figure3.4. The openandclosed

loop transferfunctionof velocity per force at a point locatedat the centerof the panel

weredeterminedfor orientationanglesof 5, 15,25, 35,45, 55, 65, and75degreesfor a

traditionalPZT anda MFC actuator. Eventhougha voltageis appliedto theactuator,a

force is appliedto the structureas shownin the right handside of the coupledfinite

elementactuatorequationin Eq. (3.111). Figures3.6-3.13providethevelocity per force

transferfunctionfor eachanglecomparingtheMFC andtraditionalactuators.
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Figure 3.6 MFC and PZT for 5 °

8OO

The MFC actuator provides better control authority for both 5 and 15 degrees, as

shown in Figures 3.6 and 3.7. However, the structural dynamics of the shell are

influenced due to the inherent anisotropic material properties of the MFC actuator.
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Similarly, MFC performs better than the traditional PZT for 25 and 35 degree

rotation angle, as shown in Figures 3.8 and 3.9. Both the PZT and MFC actuator were

0.010" thick.
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The structural dynamics of the MFC curved panel were significantly different

than that of PZT curved panel for the 45 degree angle. However, the PZT actuator

performs better than the MFC, especially for higher modes, as shown in Figure 3.10.
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The MFC actuator performs better than the PZT for 55, 65, and 75 degrees, as

shown in Figures 3.11-3.13. Since the dynamics differ significantly in some cases, this

evaluation may not provide a fair evaluation. However, the comparison does provide

significant insight into the benefits of using MFC actuators for structural vibration

control.
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The analytical results presented for MFC actuators suggest that enhanced control

performance is achievable over traditional PZT actuators. However, the results also

indicate that the structural dynamics may be modified significantly by including the

anisotropic actuator material properties. Therefore, to obtain optimum performance,

increased control authority, placement, and orientation angle must be considered when

designing smart structures. By introducing multiple actuators with different orientation

angles, the performance may be greatly enhanced. Furthermore, it is recommended that

experimental mechanical properties be obtained for representative MFC transducers to

ensure accurate modeling.

In any event, the transfer functions shown may not provide sufficient information

to evaluate MFC actuators regarding structural acoustic control. To this end, additional

analytical simulation results are provided in APPENDIX A for curved and flat panel.
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CHAPTER IV

STRUCTURAL ACOUSTICS

Introduction

The concept of active structural acoustic control (ASAC) emphasizes control of

selected structural surface vibrations that contribute directly to the far field radiated

acoustic energy. In contrast, active vibration control (AVC) solely addresses reduction of

surface vibration regardless of acoustic implications. Hence, identifying structural

vibration characteristics that contribute directly to the acoustic radiation becomes

prudent.

An arbitrarily vibrating structure consists of an infinite sum of the natural

vibration mode shapes corresponding natural frequencies. Upon examination, the mode

shapes exhibit characteristics that relate their importance to acoustic radiation efficiency.

Intuitively, this concept can be visualized by considering mode shapes of a baffled plate

structure. Boundary conditions only affect the absolute natural frequencies and specific

mode shapes but not the conceptual argument.

Suffice it to say that, relative to the acoustic wavelength, the geometry yields an

infinite baffled planar structure. The fundamental mode shape yields a domed shape,

whereas the second mode approximately represents a sine wave along the major axis and

a sine along the minor axis. If we visualize the behavior of a fluidic medium

immediately in front of the vibrating surface, for the two distinct modes, radiation

efficiency becomes evident. The fluid reacts quite differently to each mode shape. For

example, in the case of the second mode, it is apparent that the fluid simply sloshes back

and forth between each oscillating trough of the sine shape. The fundamental mode,
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however,displacesthe fluid outwardvirtually in-phaseacrossthe entire surfaceof the

plate. Hence, fluid particles immediately in front of the plate will be transported farther

away from the plate given sufficient time. The net fluid motion of the second mode

remains transverse and never propagates far from the planar surface regardless of the

amount of time. Thus, the fundamental mode efficiently transfers the surface vibration

throughout the surrounding medium, while the second mode is a very inefficient

mechanism to facilitate propagation of the surface vibration.

This example demonstrates the concept of radiation efficiency for single mode

shapes; however, in general, structural modes do not radiate independently. In fact, the

strong dePendence on inter-modal coupling between structural modes affects the radiated

power such that reducing dominant structural vibration modes may have little effect on

the radiated sound power. In fact, by the reducing dominant structural vibration modes

the radiated sound power may actually increase.

Pursuant to identifying structural acoustic radiation characteristics, researchers

developed the concept of surface velocity filters, or acoustic radiation filters. Acoustic

radiation filters describe radiated power in terms of discrete surface velocities and the

surface radiation resistance as shown by Cunefare. 48 However, this concept can be

described as a modal approach for characterizing acoustic radiation from vibrating

structures. The term "modal" here refers to acoustic radiation modes and are independent

of structural vibration modes. Furthermore, radiation modes should not be confused with

acoustic cavity modes. Borgiotti and Jones 16 first introduced a modal representation

using Singular Value Decomposition (SVD) to represent radiation efficiencies and

singular velocity patterns. Since the introduction of the modal description, many
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researchershave investigated various aspects of radiation modes. For instance,

Baumann, Saunders, and Robertshaw 23 implemented feedback control by using radiation

filters in frequency weighted cost functions to minimize the most efficient radiating

modes. Elliot and Johnson 49 implemented feedforward control of beams and plates using

radiation filters. Gibbs 24 et al. developed a Radiation Modal Expansion technique,

exploiting the acoustic radiation bounding properties, thereby reducing computational

effort of radiation filters for real time digital signal processing applications.

In essence, the radiation filter concept is an orthogonal vector decomposition

performed on a discretized radiation operator, dependant solely on the frequency range of

interest and structural geometry. The acoustic radiation of a structure can be described

by a functional, or radiation operator, which can be derived to incorporate the desired

acoustic radiation physics. Radiation modes produced by orthogonal decomposition can

best be described as a radiation space transformation, and the modes do not directly

correspond to the more common structural vibration modes, nor should they be confused

with traditional acoustic modes for enclosed volumes.

Acoustic Radiation Filters

The acoustic radiation filter concept can be understood by considering basic

structural acoustic concepts. The Kirchhoff-Helmholtz integral equation describes sound

radiation due to vibrating bodies. Pierce 5° derives this equation, and for simple harmonic

motion, the acoustic pressure is as follows:

,P(V)ei°X e'a P(_ On( R ) ]a')°°v"(_) dS (4.1)
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where p(?-) is the acoustic pressure at the vector position 7, p(_) is the pressure near

the surface at vector position _, R =17-_], the normal surface velocity is v, (_), and

the fluid density is p,,. Clearly, the acoustic pressure is due to both the pressure and

velocity of the vibrating surface.

For typical vibrating structures, the solution of Eq. (4.1) is difficult and is usually

approached using numerical methods. However, by considering a vibrating planar

surface bounded by an infinite half-space, a more tractable solution exists, as shown by

Fahy 51. The acoustic pressure from a vibrating planar surface within an infinite half-

space is described by

p(-i)e _" - Jc°P° 2v, (_ (4.2)
4_

Thus, the vibrating surface can be considered as a differential area representing a point

source of strength 2v, dS. Expressing the planar vibration response in modal coordinates,

Eq. (4.2) becomes

P(7)ei°_-'c°P°ei°X!_o{_=tv"iP"(x'Y2.rt" dy (4.3)

where v, and ¢p, (x,y) are the velocity and mode shape of the n th mode. By introducing

the definition of acoustic radiation efficiency, further insight may be gained and applied

to the development of the acoustic radiation filters.

The ratio of the average acoustic power radiated due to surface vibration to that of

an equivalent piston defines radiation efficiency. The piston infers that the radiating area

is small relative to the acoustic wavelength and that the velocity is uniform across its

surface. Hence, radiation efficiency is expressed as
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fi (4.4)
,oOS(,,:>

where (v-,2) is the averaged mean-square normal velocity, ,F is the time averaged power,

and S represents surface area, c velocity of sound in the medium.

Next, recall the acoustic intensity is defined as the product of pressure and

velocity hence the time averaged intensity can be expressed as

1 r

I(r,t),0) =-_ fp(r,O,O,t)v(r,O,O,t)dt (4.5)

where (r,t),0) represents the spherical coordinates of a field point within an infinite half-

space. In the far field, the surface integral of the intensity represents the time averaged

radiated power and is expressed as

;,r 2x

P= ; _ I(r,O,O)r 2 sint)dOddd (4.6)
0 0

Since the pressure and velocity of a plane wave are related through the

characteristic impedance as po c - p (r ' O, ¢, t)
v(r,tg,(_,t) ' the intensity in Eq. (4.5) can be expressed

in terms of the pressure only. The average power in Eq. (4.6) now becomes

'r 2'_I1 r P 2_ _ _fi= IlL7 [ (r'8'_'t) dtt9oc 2 sinOdOd(k (4.7)

The modal formulation for the pressure shown in Eq. (4.3) can be substituted into the

radiated power expression of Eq. (4.7). Utilizing the far field assumption

R = r-xsinScosO-ysint)cos(k, Eq. (4.3) may be simplified as
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•= e-  ei 2 r Y) (4.8)

Furthermore, the squared pressure in terms of the velocity and structural mode shapes can

be expressed as

p(F) 2- o):P:° _-_v,H, (O,(b, co) _ v,H, (O,O, co) (4.9)
4 7/'2r2 r=l s=l " "

ab

where H(8,0,o))= IIvtp(x,y)eik'i"°c°sc'"+ik'i"°c°S_dxdy. Substituting Eq. (4.9)into Eq.
00

(4.7) produces an expression for the far field radiated power of a vibrating structure as a

function its surface velocity. Thus, the radiated power is expressed as

fi(jo))- °)2p° {vI[Ml{v} h (4.10)
4tc2c

where

x 2#

[MI= j"I[Hl[HlhsinOdOdO
0 0

(4.11)

Comparing Eqs. (4.4) and (4.10), we note that the frequency dependant radiation

[M] is proportional to the radiation efficiency and describes the structuralmatrix

acoustic interaction of the structural modes. 52 Specifically, the diagonal terms represent

the self-radiation efficiencies and the off diagonal terms indicate mutual radiation

efficiencies. Hence, the [M] matrix is termed the coupling matrix since it provides

information on the structural modal coupling to the acoustic radiation modes. An

important result of the above derivation is that the far field radiated acoustic power can

be determined from the modal velocities and radiation matrix [M], thus eliminating the

field pressure from the power expression. Furthermore, the radiation matrix [M], or
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acousticimpedanceis positivedefinite and Hermitian. In general,this matrix operator

can be determinedusing the Helmholtz integral for three-dimensionalbodies,or by

Rayleigh'sintegralfor planarbaffledstructures.

Planar Radiation Resistance

Elliott and Johnson 49 derived the radiation resistance matrix of a planar baffled

structure comprised of elemental radiators. It is assumed that the acoustic pressure and

normal surface velocity are constant over each elemental radiator. This requires that the

size of the elemental radiator be much less than the acoustic wavelength. Furthermore, it

is assumed that the structure is radiating into free-space. The acoustic transfer impedance

from an infinite baffled radiator is given by 5°

P(Y) _ jO_poSe-_
Z(x,y)- _(x) -_xr-

(4.12)

where k = co/c is the wave number and S the elemental area. The element of the

corresponding radiation resistance matrix [M] in Eq. (4.11), is determined by applying

Eulers identity to Eq. (4.12) yielding

SRe[z(x'Y)]=c°p°S2sinkr-C°2p°S2(si-_)4_rr 4;re (4.13)

For an array of n radiator elements the radiation matrix becomes

sin kr./._, J

sin krl2
l

sin kr21 1

k_21

sin_.

sin _.-t).

kT(n-l)n

(4.14)

sin kr.t

kr.l /o'_(__0
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where r,j is the distance between the ith andf h radiator elements. Notice that the radiation

resistance matrix is dependant on frequency and geometry only. The radiation resistance

matrix of Eq. (4.14) is valid for flat planar structures of arbitrary shape.

Curved Panel Radiation Operator

So far, only planar baffled structures were considered for acoustic radiation filter

development using the Rayleigh integral; however, since a cylindrical shell is of

particular interest in this research, the Helmholtz integral equation will be investigated.

To develop radiation filters for shell configurations, the surface radiation impedance

formulation is developed for a vibrating structure of arbitrary shape radiating into free-

space. The formulation utilizes a discretization of Kirchhoff-Helmholtz integral as

developed by Koopman and Benner 53 to determine radiated sound power of machines.

Consider an arbitrary radiating closed surface as shown in Figure 4.1 the pressure

at point R can be expressed with the following Kirchoff-Helmholtz integral equation 54

1 Ip(_ ° e_'r 1

s (4.15)

V°P° Ifi'(Ro) e" dS(Ro)
2_ s r

where r = R- Ro is the distance between the two points on the surface S.
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¥

Figure 4.1 Vibrating Surface Geometry

If the surface S

arbitrary

surface.

velocity

is approximated by n planar elements then the three-dimensional

surface integration reduces to integration over a two-dimensional element

The requisite number of elements may be determined such that the pressure and

be uniform over each element. For convenience, the Kirchoff-Helmholtz

integral in Eq. (4.15) may be expressed in non-dimensional form as

, e _p(_)_-ik£2_ __p(R°'_£-_(.--_] ei_ ( 1 _j coszda(_ ° ) _Jk£2rc Jo "[v(_°) (-r-(_ a(R°) (4.16)

where v = fv/fv c is a dimensionless surface velocity normalized to an arbitrary constant

Wc, r = R-'_o is the magnitude of the distance between two radiating elements on the

structure, a = S/£ 2 is the dimensionless element area, £ represents an element length,

and p = p/PoC_Vc is the dimensionless acoustic pressure. Assuming a finite element

discretization is applied to a radiating surface S, resulting in n planar elements, Eq. (4.16)

can be expressed in indicial form as

p(R,)=p(-Rj)D,j +u(Rj)M_ (4.17)

The dipole coefficient, or mutual pressure interaction between the ith and jth elements is

given as
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-kL _ e 'kr' ( 1 ,
j-- --- ] cos (4.18)

The relationship between the normal velocity of the jth element and pressure on the {h

element is coupled by a monopole coefficient defined as

-jkL- e _'_'
-=----_,daj (4.19)

where r,j is the magnitude of the vector from the reference point of element i to element j,

y,j is the angle between the outward normal of element j and r,j. Note that for a planar

radiating structure the dipole coefficient D,j = 0 since y,j = a'/2. Furthermore, Eq. (4.19)

becomes My - -iroS e-_j which upon substitution into Eq. (4.17) yields
2¢rc5

P' - J°")°°S e -_'_' (4.20)

vj 2rcr v

Thus, Eq. (4.20) is identically equal to the radiation impedance of the planar radiator

defined in Eq. (4.12). The surface pressure may be determined by the solution of the

following system of nxn linear inhomogeneous equations

([Z]-[D]){p} =[M]{v} (4.21)

In Eq. (4.21), the terms in the dipole matrix will reduce to zero if the structure is planar.

However, for a non-planar surface Eq. (4.21) may be written as

{ p} = [A]-' [M ]{v} (4.22)

where [A] = ([I]-[D]). Thus, the matrix product of [A]-' [M] represents the Helmholtz

surface radiation impedance. In order to determine the radiation resistance, or the real

part of the impedance, the monopole and dipole coefficients may be simplified as
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follows. The monopolecoefficient shown in Eq. (4.19) may be expandedby using

Euler'sformulayielding

-jkL f l__L(cos/%
M,j- -_x _r, /£

) tj/

go2£Zaj(sinlc_,jl
Re(M,j)- 2erc---7 \ r,, )

+ jsin/%)da,

Similarly, the dipole coefficient shown in Eq.(4.18) may be expanded yielding

' sinai )
cos/% + sin/% + j j sin/% da,

D'j--k£2 Ic°s 7" kr,, /%
2srr,j ;,

co2£2a, (cosk4,j sinai/cos

Re(D,j)- 2src-------_ 1(k4,7_ -F_) 7,,

In matrix equation notation, the radiation matrix can be noted as

[RI=([I]-[DI)-'[M l

(4.23)

(4.24)

(4.25)

where the dipole and monopole matrices are defined as

(c°s____._l sin/oll........._l)

eoskr n sin krn )
-TT--_,2 +--/c.os yn 0

coskr., sinkr.,']
,-7:_- +--/cos y,_ ...
(_.,) _., )

(coslo I sin_.'_
-.. /_+--/ms_.

t.(_,°) _',. )

• .
• -- 0

(4.26)
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[M]=_
(D2/_2a

2//-c 2

sin_± sin kr,,
,°.

sinkr21 1 "-. "

kT21

sin kros

k_nl

• °. l

(4.27)

Thus, the radiated power of a curved surface can be determined from the surface

velocities by substituting the radiation resistance matrix of Eq. (4.25) into Eq. (4.10). A

curved panel meshed with triangular finite elements representing discrete radiating piston

at the element centroids is shown in Figure 4.2.

I

-- _-_D_ normal vector

-.\
/,

-__' " _ element

element

Figure 4.2 Curved Panel Finite Element Geometry

The panel radiates into an infinite free half-space from the convex side, and it is

considered to be infinitely baffled. Since the most significant radiation modes are of

concern for ASAC, edge constraints at the boundaries have little effect 55. The radiation

efficiencies demonstrate a linear relationship for long wavelengths (k£ > 1) when plotted

on a logarithmic scale with dependence on wavenumber to even integer powers. 56
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The approximatedominantradiationefficienciesobtainedusingradiationmodal

expansionz4areshownin Figure4.3 for a 10"x14" rectangularcurvedpanelwith radius

of curvatureR=40" along the major axis. Note that the singular points shown in Figure

4.3 arise from Eq. (4.26). When i=j, then cos Y,, = 0 and D_=O, while the monopole

coefficients become

c02f-'a for i = j

M'j =120c2 for i _ j

(4.28)

However, when the source and receiving radiators are near each other the dipole

coefficients approach zero, resulting in an ill-conditioned matrix inversion while the

monopole coefficient matrix remains valid.
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Curved Panel Using Triangular Acoustic Radiators

The approximate dominate radiation efficiencies for a flat panel with the same

dimensions (R=oo) are shown in Figure 4.4. The grouping characteristics of the
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dominantradiationmodesfollow thesametrend for both the fiat and curvedpanels,as

expectedsincebothrepresenttheapproximateradiationin to an infinite half-space.
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Furthermore, to validate the discrete triangular acoustic radiator approach the

estimated radiation efficiencies were calculated using rectangular radiators following

Gibbs} 4 Figure 4.5 indicates excellent agreement between the two methods.
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If the dominantradiationefficienciesareplottedasmagnitudeversusfrequency

then the frequencydependantamplitudebecomesapparent.The radiationefficiency of

the dominant radiation modes of the curved panel is shown in Figure 4.6. For

comparisonthe dominantradiationefficienciesof a flat panelare shownin Figure4.7.

Thecurvedpanelexhibits lowerradiationefficienciesfor theradiationmodesabove150

Hz., asexpected,givenincreasedpanelstiffnessdueto thecurvature.

,,-, -10 - --

(..)
C

.-- -20
{..)

E
i,I
C

_ -30
.__

ne
"o -40

E
°_

-5o

-60
0

Figure 4.6

, _.A"_ i i i _----'L.---_r " ,
I /" I I I I..,. _ I.--''1- I I _

__.__.___,__--...__--___--
/I I I _J," .-r I I i_._ _-I

/ _.-;...-I , ! Jk"" ! . L-
1 I r I-" t I I _1 i,, " "1

-- - F -- -- -r _.,'- _,1"-- -- -- ,F -- -- q -- -- T.,,f_- -- T - -._} - - - i- __ T.,,-.
t _.." , _ ,.-..', .,-" , _" ,._

I / .I I I ..'Y I .1 I .,,'if" .,,P"_"q
- - t- 7 r -_- --_- - - t,.._'- -_ .... _- -- +7_-#, '_- - +-- - -

I /, I I .,_, 4-6 . "t" I t{ ,,_"'1 I .1"

V, I I .."/ I " I I /" _ I I

---/L--- J-----/ _.'__,_,_,__,__,--'--
t,q i .."m ." i i.'/.47_1o! / i i

.t; i I .."/ _.. I ..( _,'_ i '-'_ I/ I I
t_ I 1 ." / _, I ,"" _ I /I I I

._ i '1 # • I I #" ,'jl" I I_t I I I

50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Curved Panel With Triangular Acoustic Radiators



68

0 , i i i v ' ! i ,

I I r I I i
I I i _ i ij_...-*--_-- i I I
I i I I _ i i I _L.--"

_'_10 I----I- i-_ -t - --I- - - _-- -_- = ---t- =.---

>, I_ ,.-'K- i i i _-"-._ ..... I- i

E - "
,,, / i i __ I.-'-.4"" i _ I._._+*-i .-r"
'- / _ i __ i p .,-.,4">" . .i. i

__n -/_-- _--"--J--- L-_

" / ,'
I _ __ _ _;..-/ L.-'"

m ,4_ ..... #_ I _ _ _1_ _ __ _ -_ -J _ _ - L _ _ J:_.,._ -"l _. ,_.-_ t _ _.

"_ /l " I h,f "1 I .Lt'" ..1"" I..t I

--_ I I " 1 I I I _ .... _ I _ -- -- --

,#/I II /'_" ', _":/ "I 7-?011_ I, i

I,, I,P" • I , --'-' I.'" I I I
-60 r.' I .,(." t L-:''/.'] ,,< t i l

0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 4.7 Flat Panel With Triangular Acoustic Radiators

The radiation filters developed will be implemented in the state-space

representation and included in the analytical model to compute the structurally radiated

sound power. They are also implemented within the real time DSP control algorithm to

compute the structurally radiated sound power using discrete panel acceleration

measurements. By implementing radiation filters a causal system exist since the acoustic

radiated power is determined from structural vibration measurements.
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CHAPTER V

FEEDBACK CONTROL AND PIEZOCERAMIC

ACTUATOR PLACEMENT

Introduction

Feedback control uses dynamic signal information obtained from sensors located

on the structure for utilization by the controller to generate a signal that is applied to the

structure through actuators. Controller design is based on minimizing a specified

performance criterion, or cost function. The cost functional may include a control effort

penalty, structural vibration state, an acoustic sound field condition, or as in this research

structurally radiated noise levels. The feedback control method implemented in this

research is the linear quadratic regulator (LQR) augmented to include acoustic radiation

filters, thus yielding a cost function that minimizes structurally radiated power.

Finite Element State-Space Representation

The dynamic plant model, used to represent the structure is determined from the

finite element model. Thus, the finite element actuator equation shown in Eq. (3.11 l) can

be written in modal coordinates as

_r + 2frO)rOr +O)2rq__ fr fro,
mr mr

(5.1)

where the modal coordinate transformation is defined as {W} =[*]{q}, and qr,COr,fr

are the r th modal coordinate, natural frequency, and damping ratio, respectively. The

modal mass, modal stiffness, and modal forces are obtained from
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{.}: ([M],[x]){.}. --(,..,_,)

[x] =[K,I]-EK_o]EKo]-'EKo.,]

{*}[{P..}=/,

{.}5EK.,]E/_,]-'{,.o}=s,o

Equation (3.111) does not include a damping matrix.

shown in Eq. (5.1) were determined experimentally. 1°

By defining a state vector as {x} = Lq

state-space form as

(5.2)

However, the damping values

. T

qJ , the modal equations can be cast in

{2} =[A]{x} +[B]{u}

{y}=[cl{x}+[D]{u}

The plant dynamic matrix [.5t] is defined as

o ,][.a]= -[.,l-'[k] -[,.l-'[cl

The feedback matrix [B] is defined as

[o o ]-I T " -1[_]= [ml-'[*]' ira] [.1 EK.,]Exo]

(5.3)

(5.4)

(5.5)

The output equation can be formulated by selecting an appropriate output matrix [C].

Radiation Filter State-Space Representation

The frequency response information of the radiation filters can be exploited by

curve fitting each radiation transfer function and including this information in the state-

space model. The radiation-coupling matrix defined in Eqs. (4.14) and (4.25) provide

amplitude-weighting coefficients proportional to the radiated power as a function of
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frequency. Using the radiationmodalexpansiontechnique24,the approximateradiated

powercoefficientscanbedeterminedfrom

{_tc2(og)}j= {u(og,)}_ [ R(jog)] {u (m,)}, (5.6)

where to, represents the single prescribed modal expansion frequency used to compute

the radiation mode shapes. The approximate radiation modal expansion coefficients

{_? (co)} are curve fitted as frequency response functions to represent the input-output

relationship of an analog filter for each radiating mode. The constructed radiation filter

includes the first three acoustic radiation modes. However, an eighth order polynomial

was used to fit the six dominant acoustic radiation modes to validate the curve fit

accuracy and are shown in Figure 5.1.
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Approximate and Exact Radiation Efficiency

The polynomial coefficients are transformed into the filter zeros and poles and

subsequently transformed into a state-space filter model for each desired acoustic

radiation mode. Each radiation filter can be expressed in state-space form as
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where {r} representsthe radiation state vector and { z} corresponds to the acoustic

radiated power due to the elemental radiator velocity{v}. Note that the filter input is the

structural velocity and not the disturbance applied directly to the structure. The singular

velocity vectors, or radiation mode shapes, are contained in the [Drl matrix. By

incorporating radiation filters, an inherent state weighting is included for both the

radiation and modal velocity states. Inclusion of the radiation filter is achieved by

augmenting the structural state-space model with the radiation filter state-space model.

Structural Acoustic State-Space Representation

The state-space formulation easily permits construction of complex system

models by specifying combinations of inputs, outputs, and state variables. Since the

radiation filters derive their input from the structural response, an augmented state-space

model represents the overall structural acoustic system. The augmented state-space

system with acoustic radiated power as the output can be represented as

where {w}

mLxjmrJJ

(5.8)

represents an acoustic disturbance, and the augmented state vector

q} T and the radiation states {r}.consists of the modal states {x} = {q

Recall that the radiation filter formulation assumes a constant normal velocity for each

elemental radiator. Therefore, the velocity vector {v} in Eq. (5.7) is in physical
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coordinatesandnot in modalcoordinates.Sincethefinite elementformulationusesa 4-

node rectangular plate element, the modal coordinate transformation must be interpolated

to obtain corresponding values at the center of each element. The [D r I and EBs 1

matrices are determined from

where I_] is the interpolated mode shapes at the center of each element. The radiated

acoustic power{z}, shown in Eq.(5.8), includes contributions from both the modal

velocity states and the radiation filter states.

To minimize the structural acoustic radiated power the following output-based

functional was selected

Jrad = 7({Z} r {Z}+{U} r [R]{u}_tt (5.10)
0

where [R] is a control effort penalty matrix and the acoustic radiated power incorporates

the inherent frequency weighting of the radiation filters. Thus, minimizing the cost

function achieves a trade off between the radiated power and control effort. If [R]

approaches zero then the cost function approaches the integral squared radiated power.

The standard linear quadratic state-based cost function includes a state weighting

matrix [Q] and is indicated as

j = 7({X}T[QI{X}.{U} T[el{U})dt (5.11)
0
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By expanding the first term in Eq.(5.10), it can be demonstrated that the radiation filters

inherently define a state-weighting matrix as

f{z}'{z}={x' c;'
(5.12)

Thus, the state weighting is equivalent to scaling both the modal velocity and the

radiation state through the individual plant matrices [Cf ] and [D/].

The state-space system defined in Eq. (5.8) is in the form of a standard linear

quadratic regulator (LQR). The optimal control law is a linear time invariant state-

feedback given as

The feedback gain matrix [K] is determined by solving the algebraic Riccati equation.

However, since MATLAB ® is used, the optimal gain matrix is determined using the

LQRY command since it identically solves Eq. (5.10). Thus, a complete system utilizing

the finite element model and acoustic radiation filters results in minimizing the structural

acoustic radiation.

Genetic Algorithm Optimization

Pursuant to the objective of selecting optimum placement of two piezoceramic

actuators to minimize structural radiated noise, an analytical model consisting of a

coupled dynamic finite element model with, acoustic radiation filters, and LQR feedback

control, is constructed and embedded within a genetic algorithm. Since the experiments

conducted are performed on flat rectangular panels, the finite element formulation used a
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modified high precisionrectangularplateelement,t° The original primary objectiveof

this researchfocusedon ASAC of curvedpanels. However,the fundingagent,NASA

Langley ResearchCenter, supporting this researchidentified a need to address

piezoceramicactuatorplacementon fiat panelsfor ASAC.

Two traditional PZT-5A piezoceramic actuators of predetermined size are

modeled with multiple finite elements and constrained from overlapping. If each

piezoceramic actuator is placed on opposite sides of the panel, the overlapping constraint

can be relaxed. However, this arrangement is not consistent with typical aerospace

structures.

Each piezoceramic actuator location is indexed with integer values corresponding

to the finite element mesh. A modified genetic algorithm with stochastic coding was

selected since integer coding corresponds to the discrete actuator locations. The

FT3PAK ® and FlexGA ® genetic algorithm by Flexible Intelligence Group 57 is used and

operates in the MATLAB ® environment. The genetic algorithm selects potential actuator

locations that are subsequently used as input variables by the coupled finite element

model to determine the closed loop acoustic radiation attenuation. The genetic algorithm

can be configured to either minimize or maximize the performance index. Since the

acoustic attenuation is defined as the actuator placement performance index, a

maximization procedure is selected. Note that the genetic algorithm performance index

is not the same cost function identified for determining the optimal feedback gains. For

the genetic algorithm search, the performance index is identified as the overall

structurally radiated sound power, which is to be reduced to a maximum extent.
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The geneticalgorithmsearchinvokesan iterativeprocessinvolving severalsteps.

First,thefinite elementmodelis solvedto provideacoupleddynamicplantmodelfor the

currentactuatorlocations. Next, the optimal feedbackgain is determinedbasedon the

acousticradiation filters. Finally, the dynamicplant model is subjectedto a uniform

randomacousticplanewave disturbancesource,indicatedby {w} in Eq. (5.8), and the

structurallyradiatedsoundpoweris calculatedfor bothopenandclosedloopconditions.

Thestructurallyradiatedpower is determinedby computingthe powerspectrum

densityfor the systemoutput indicatedin Eq. (5.8). For the openloop condition the

control input {u}vector in Eq. (5.8) is identically zero. The reductionin structurally

radiatednoiseis determinedby computingthedifferenceof therealpartof theopenand

closed loop power spectra. The iterative geneticalgorithmprocesscontinuesuntil a

maximumacousticradiationattenuationis achievedindicatingthebestactuatorlocation.

To maximize computationalefficiency several genetic algorithm models are

constructedto determineactuatorplacement.Theseresultsareanalyzedand then further

studied using a refined finite element mesh without the genetic algorithm to determine

the optimum actuator locations.

with the genetic algorithm to

Initially, a uniform 10x14 finite element mesh is used

select actuator placement. Various actuator sizes

considered included l"x2", l"x3", 2"x2", and 2"x3". Since l"x3" piezoceramics were

available for experimental testing, subsequent analysis was limited to this size.

A typical genetic algorithm graphical user display is shown in Figure 5.2 and

portrays the fitness value, or performance index, versus number of functions evaluated

along with the best, worst, and average fitness value versus the number of generations.

Each generation provides the numerical location index for each actuator location.
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Theoptimumactuatorlocationsfor I x,. , 2 x2 ,2"x3", andl"x3" asdetermined

from the geneticalgorithmare shown in Figure 5.3 (a)-(d), respectively. The finite

elementmeshusedfor theseiterationsis 10x14,which yields anelementresolutionof

l"xl". The 10xl4 meshprovidesreasonablecomputationalefficiency;however,it does

not facilitatesymmetricactuatorplacement.
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GA Actuator Placement

A non-uniform meshing scheme would over come this obstacle; however, it requires an

adaptive meshing routine. The adaptive meshing scheme is not included since it

introduces another level of optimization. Even though adaptive mesh refinement

techniques have been successfully applied to stress recovery problems, it would be

computationally extensive for this application. In lieu of adaptive mesh refinement, the

initial genetic algorithm results are further evaluated using a 20x28 finite element mesh

yielding an element resolution of ½"x½". Hence, each l"x3" piezoceramic actuator is

modeled with a 2x6 mesh. The optimum actuator locations depicted in Figure 5.3(d)

were enhanced using the refined mesh, resulting in the locations shown in Figure 5.4.
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Figure 5.4 Refined Optimum Actuator Locations

The actuator locations shown in Figure 5.4 are used to design the panel used in

experiments to validate the analytical design method. Two other panels are also

manufactured with different actuator locations to establish comparable performance data.

The non-optimum panels were also modeled using the finite element program to provide

corresponding analysis for comparison. Details describing the non-optimum test panels

are presented in Chapter VI.
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CHAPTER VI

EXPERIMENTAL AND NUMERICAL RESULTS

Introduction

Several flat panels with various piezoceramic actuators locations are

experimentally tested to ensure the accuracy of the analytical method presented. The

experimental results suggested that the analytical model be improved to include a

transmission path representing the disturbance to radiated sound power, which is

consistent with the experimental data.

included, followed by details of the

A brief description of acoustic measurements is

data acquisition system and control method

implemented is provided before discussing the experimental results. The analytical data

presented include results from both the initial analysis and the improved model. The

accuracy of the improved model is established since the analytical data agrees well with

the experimental data. Evaluating the sound transmission loss characteristics of a panel

using active structural acoustic control determines the effectiveness of the piezoceramic

actuator locations.

A sound transmission loss (STL) suite facilitated the experiments by providing

the opportunity to evaluate various panels subjected to an acoustic disturbance. The STL

suite provides a window between two adjacent rooms, one anechocic and the other

reverberant. The window between the adjacent rooms facilitates the test panel and

provides excessive sound transmission loss, thereby providing a convenient means of

evaluating the sound transmission of the test specimen. The anechoic chamber provides a

non-reverberant environment that supports acoustical measurements of the radiated sound

through the test specimen. The source room, or reverberant chamber, contains a
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loudspeakersoundsourcethat providesstructuralacousticdisturbance.To characterize

the STL suite,a baselinepanelwithout piezoceramicactuatorsis insertedbetweenthe

two roomsand the structurallyradiatednoise is measureddue to a broadbandrandom

excitation. The structurallyradiatedsoundpressureis measuredin the receivingroom

while the loudspeakerprovides an acoustic disturbancein the source room. The

receiving room microphonesand sourceroom loudspeakerconfiguration is shown in

Figure6.1.

R=29" 5

4

]

Figure 6.1 STL Instrumentation Layout

A traditional STL suite provides a highly reverberant source room devoid of

standing waves. Such a source room provides a statistically uniform sound field

impinging upon the

calibrated source. On the

environment suitable for

microphones to support sound power calculations.

test specimen characterized by the sound power of a known

other hand, the receiving room

measuring sound pressure levels

provides a free-field

using conventional

By measuring the free field acoustic
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pressureoverahemisphericalsurface,it ispossibleto measuretheradiatedsoundpower.

Theestimatedsoundpowermaybedeterminedby

where P is the estimated sound power, P. =10-_2W, p,, is the mean measured sound

pressure, p,, = 20[tPa, S is the hemisphere surface area, and So is lm 2. Figure 6.2 shows

a typical sound power spectrum of the sound source measured 20 inches away from the

center of a baseline test panel and the corresponding sound power in the receiving room.
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Figure 6.2 Source and Receiving Room Sound Power

The sound transmission loss of the specimen can be calculated simply by subtracting the

source and measured sound power. The baseline test panel is identical to subsequent

panels tested, but is not fitted with piezoceramic actuators.
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Data Acquisition and Control

To validate the accuracy of the analytical model, several real time control

experiments tests are conducted. Real time control of the radiated structure-borne noise

was achieved by utilizing a control system implemented on a Texas Instruments

TMS320C40 ® digital signal processor (DSP). An Intel Pentium ® personal computer

hosted the DSP and MATLAB ® was used to design a state-space controller and

subsequently download this controller to the DSP board. The DSP program codes and

supporting MATLAB ® files were developed by NASA Langley Research Center

resulting in a real-time turnkey active structural acoustic control system. 5s Originally,

NASA implemented a general predictive control algorithm 59 (GPC); however, LQR

control was utilized for these experiments to be consistent with the analytical results.

Following the analytical format, radiation filters were included to calculate the

structural radiated noise. Hence, the traditional sound power measurement technique

described above was not employed. Instead, the structural radiated noise was calculated

using the measured panel surface accelerations and corresponding radiation filters based

on the radiation modal expansion technique. The radiation filter concept ensures a causal

system since it relies on the structural surface velocity to calculate the far field radiated

sound power. Since microphones must be located in the far field, an inherent propagation

delay exists between the surface velocity and the measured sound pressure. Therefore,

causality is not guaranteed.

The plant dynamic characteristics were determined by system identification using

an observer/Kalman filter identification algorithm. The OKID 6° system identification

algorithm performs modal parameter identification by applying a disturbance to the
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piezoceramic actuators and measuring the response of panel vibrations using

accelerometers. The accelerometers provide sensor information, used to calculate the

radiated sound power, during the closed loop experiments. Two actuators and fifteen

accelerometers were used in each of the panels tested. The locations of the actuators

varied for each test; however, the locations of the accelerometers remained fixed. The

fifteen-accelerometer locations are shown in Figure 6.3. Each accelerometer represents a

discrete acoustic radiator as previously described in the Radiation Filter section.
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Figure 6.3 Accelerometer Locations

A state-space LQR controller was designed using the experimental modal

parameters determined from the system identification data using MATLAB. ® The

controller includes the acoustic radiation filters of the first three dominant acoustic

radiation modes and subsequently downloaded to the DSP board to support real-time

control. The control effort penalty, determined through trial and error, remained constant

for each panel tested. Prescribed experimental parameters include a sampling frequency

of 1.5 kHz, bandwidth of 500 Hz, three acoustic radiation modes, and 35,000 data
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samples. For eachexperiment,the panelis exposedto broadbandrandomnoisewith a

flat responseto 800Hz.

Experimental Results

Experiments were conducted for three different panels to validate the analytical

prediction of the optimum actuator placement to achieve the greatest reduction in radiated

structure-borne noise. Each panel has two piezoceramic actuators bonded to the same

side of the panel. This configuration obviously prohibits overlapping piezoceramic

actuators; however, it represents realistic aerospace application by restricting the

actuators to lie within the fuselage interior. The panels are 6061-T6 aluminum and are

clamped along all edges. The overall panel dimensions are 22"x20"x0.040"; however,

the clamping fixture provides a 14"x10" window exposing the test panel area. The

clamping fixture was constructed of two 6061-T6 aluminum plates V_" thick with 52 bolts

around the inner perimeter and 8 bolts around the outer perimeter. The outer bolts were

used to attach the fixture to the STL window. The piezoceramic actuators are PZT-5A 61

with dimensions l"x3"x0.01". The three panels tested, designated A, B, and C, are

shown in Figures 6.4-6.6, respectively.
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87

,--2" I/2"

Actuator 1

31/2"

1
Figure 6.6 Panel C Actuator Placement

To evaluate the performance of the piezoceramic actuator locations selected, the

open and closed loop structure-borne acoustic radiation was determined experimentally

for each panel subjected to a random acoustical disturbance using the loudspeaker shown

in Figure 6.1. The location of the piezoceramic actuator on the panel determines the

effective structural modal interaction of each actuator. Thus, optimum actuator locations

have strong modal coupling with the dominant acoustic radiation modes. For a

rectangular panel, the structural modes (1,1), (3,1), (3,2), (1,3), and (2,3), where the (i,j)

indices indicate the mode shape along the major and minor panel dimensions

respectively, are dominant acoustic radiators. As outlined in the section on radiation

filters, structural vibration mode shapes that do not contribute to the acoustic radiation

modes are not targeted for effective control. The experiments indicate that panel C

provides the best radiated noise reduction, panel B is next best, and finally panel A.

The radiated noise reduction is determined from the difference between the open

and closed loop radiated sound power. The open loop radiated sound power is
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determinedwhile the panelis subjectedto anacousticdisturbancewithout invoking the

control algorithm. Similarly, the closed loop structurally radiated sound power is

calculated by invoking the control algorithm. Accelerometers provide a convenient

means of measuring structural vibrations. However, the radiation filters must be

modified to calculate radiated sound power due to acceleration in lieu of velocity. The

noise reduction, or attenuation, is then determined by the quotient of the sum of the

squared magnitude of the open and closed loop sound power from 40 to 500 Hertz.

Table 6.1 summarizes the closed loop sound power attenuation of each mode of

concern for several closed loop control experiments. The structurally radiated sound

power attenuation shown in Table 6.1 is the difference between the open loop panel and a

closed loop panel with two actuators. The values in Table 6.1 are obtained from Figures

6.7-6.9 by converting the decibel levels to the squared magnitudes and taking the

difference between the open and closed loop data and converting to decibels. Data is

presented for several experiments, and the mean is considered for analysis. The number

1 actuator location of panel A had such low control authority that it was unstable for most

experimental runs. The control authority could have been weighted as to limit power to

actuator 2; however, the results would have been inconsistent with the other panels.

Furthermore, the analysis predicted that panel A would provide the worst-case

performance. The data indicates that control authority is limited for higher order modes,

namely (1, 3) and (2, 3) modes. In fact, the (2, 3) mode did not show up in the data for any

panel and therefore was not included in Table 6.1. Since the (2,3) mode was not present

in the open loop data, these results lead to the conclusion that the acoustic disturbance did

not sufficiently excite this structural mode. Amplifying the actuation voltage or
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increasingthe actuatorsizemay haveenhancedcontrol of the highermodes. PanelC

obtainsthebestranking,duemainly to its ability to controlmode(3, I) the best. Panel C

has a mean attenuation of-9.98 dB for mode (1,1), as compared to -9.04 dB for panel B

and -8.64 dB for panel A.

greater than panel B.

Table 6.1

However, for mode (3,1) the attenuation for panel C is 2.9 dB

Open and Closed Loop Sound Power Attenuation

Structurally Radiated Noise Attenuation (dB)

Mode (1,1) (3,1) (1,3)

-8 -6.67

(3,2)
-6 -0.67

Panel A
-9.33 -4 -2.67 -2

Mean -8.64 -5.23 -4.18 -1.31

-11.67 -8 -7.33 -4.67

Panel B -8.3 -7.59 -6.2 0

-7.67 -9.33 -8.76 -6.67

Mean -9.04 -8.28 -7.37 -3.31

-10.67 -9.33 -6.33 -5.33

Panel C -10 -13.33 -10 -3.33

-9.33 -11.33 -9 -3.33

Mean -9.98 - 11.18 -8.30 -3.95

The experimentally determined structurally radiated sound power for the open and

closed loop performance of panels A, B, and C are shown in Figures 6.7-6.9 respectively.

The radiated sound power is calculated using the radiation filters and the measured panel

accelerations. The open loop data is determined while the panel is subjected to a

broadband random acoustic disturbance without invoking the control algorithm. The

closed loop radiated sound power is calculated with the same disturbance; however, the

control loop between the radiated sound power and the two actuators is invoked.
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Analytical Results

The refined finite element analysis used to model the experiments utilized a

modified rectangular high precision plate element with 24 nodal DOF with an additional

electrical DOF for each actuator. [° The finite element mesh consisted of 20x28 elements

for the panel. Each piezoceramic actuator consisted of a 2x6 mesh. Even though the

panel was 0.040" thick, the small displacement approximation was used since the

experimental disturbance sound pressure never exceeded 95 dB.

Panel C represents the predicted optimum actuator locations determined from the

GA simulation. Analytical models were also constructed to represent panels A and B to

further compare analytical results to the experimental data. Analytical performance is

evaluated by comparing the radiated power attenuation determined from the open and

closed loop singular value decomposition of the system frequency response. The closed

loop transmission path is from the actuator control signals to the sound power output.

For a multiple-input, multiple-output system, the singular value decomposition is
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analogousto Bode plots commonly used for single-input, single-output systems. 62

Analytical results for the predicted sound power reduction are summarized in Table 6.2.

Table 6.2 Open and Closed Loop Predicted Sound Power Attenuation

Attenuation (dB)

Mode (1,1) (3,1) (3,2) (1,3) (2,3)

Panel A -7.3733 -21.5816 -1.9749 -0.1426 -2.2925

Panel B -11.3157 -15.6861 -0.0985 -8.5569 -14.0291

Panel C -10.2561 -19.3582 -0.4863 -7.6422 -15.7369

The data indicates that the analytical results exhibit control authority for the entire

bandwidth. This behavior is expected since LQR control does not model extraneous

signal noise present in the experiments.

panel C is slightly better than panel

The analysis indicates that the performance of

B. This observation is consistent with the

experimental results. The singular values of the open and closed loop sound power from

actuator control input for each panel are shown in Figures 6.10-6.12. The analytical data

is normalized to indicate relative attenuation between each panel for a constant control

effort penalty. The open loop dynamic characteristics shown in Figures 6.10-6.12 is

significantly different for each panel since the data describes the transmission path from

distinctly different actuator locations of each panel to the radiated sound power. Thus,

the data represents the transmission path from the actuators to radiated sound power.
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The analytical predicted results are consistent with the experimental test results.

However, the predicted level of attenuation was not clearly confirmed by the

experimental test data. Therefore, the analytical model is modified to include the

transmission path represented by the experimental tests. Thus, the model is modified to

predict the structurally radiated sound power due to a uniform random acoustical

disturbance.

The closed loop path now becomes the structurally radiated power due to the

acoustical disturbance. The open loop structurally radiated power is determined for the

same acoustic disturbance without applying a control signal to the actuators. The

quotient of the sum of the squared magnitude of the open and closed loop curve from 40

to 500 Hz. in decibels determines the structurally radiated power attenuation. This

attenuation level was then used as the performance index for the genetic algorithm.

Therefore, the GA determined the best actuator location by maximizing the attenuation of

the structurally radiated power. The acoustic disturbance was modeled as a uniform
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randomplanewaveandinterpolatedto thetransversefinite elementnodes.The uniform

randomacousticdisturbancehad an overall powerof 92 dB and the powerspectrum

densityis shownin Figure6.13.
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To validate the simulation model, the open and closed loop structurally radiated

power was computed for panel configurations B and C and compared to the test results.

The attenuation for panel B is -2.415 dB and the predicted structurally radiated sound

power is shown in Figure 6.14. The attenuation for panel C is -3.107 dB and the

predicted structurally radiated power is shown in Figure 6.15.
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The predicted radiated sound power for panels B and C are shown in Figures 6.14

and 6.15, respectively. The predicted open loop radiated sound power data shown in

Figures 6.14 and 6.15 agrees well with the corresponding test data shown in Figures 6.8
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and6.9. However,thepredictedclosedloop radiatedsoundpowerdueto thedisturbance

is lessthan the correspondingclosedloop testdatashownin Figures6.14and6.15and

thepreviousanalyticaldatashownin Figures6.11and6.12. Recallthat the closedloop

analyticalresultsshownin Figures6.11and 6.12do not includea disturbanceandthat

the transmissionpath is from the actuatorsto the radiatedsoundpower. Sincecontrol

due to a disturbanceis a moredifficult problem,the lower performancegainsare not

unexpected.However,by increasingthe control authoritythe performanceof panelsB

and C, indicatedin Figures6.14 and 6.15, may be improved. However, the control

authorityspecifiedwascarefully selectedsincethe GA searchesfor a globalmaximum,

and manynon-optimalactuatorlocationsbecomeunstablefor largervaluesof control

authority.

The GA searchis modified to define the performanceindex as the predicted

radiatedsoundpower attenuation. Using this new performanceindex the GA search

predictedan optimumactuatorlocationpreviouslynot considered. This new optimum

locationis shownin Figure6.16.

T
3"

1

7 •

m

Figure 6.16 Revised Optimum Actuator Locations
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The calculatedattenuationfor the revisedoptimum location is -4.783 dB. The

predictedradiatedpowerfor the revisedoptimumpanel is shownin Figure6.17. The

controleffort penaltyis constantfor thedatashownin Figures6.14,6.15and6.17.
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An alternative metric for determining the optimum actuator location was

investigated using the piezoelectric modal participation. The piezoelectric modal

participation is determined by substituting the modal coordinate transformation into Eq.

(3.113) resulting in

(6.2)

where [(I)] is a matrix of the normal structural mode shapes. The coupled stiffness

matrix [Kcw ] has dimensions np x ndof where np is the number of actuators and is

formed by assembling the coupling stiffness for each element where piezoceramic is

present. Therefore, the piezoelectric modal participation represents the effective coupling
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betweentheactuatorandthestructuralmodes. Table 6.3 presents the piezoelectric modal

participation for each panel tested.

Table 6.3 Piezoelectric Modal Participation

Piezoelectric Modal Participation

Mode (1,1) (3,1) (3,2) (1,3) (2,3)

Panel A 0.6749 1.0013 0.6760 0.0864 0.1369

Panel B 1.0569 1.4056 0 1.5147 0.7311

Panel C 0.7810 1.3226 0.1769 1.0287 0.8538

The piezoelectric modal participation follows the acoustic attenuation shown in

Table 6.3, except for mode (3,1) of panel B and C. The modal participation shows that

panel B should have greater control of mode (3,1) when compared to panel C. Although,

the modal participation distinctly shows that panels B and C are better than panel A.

Overall, the analytical method presented agrees well with the experimental test

data for determining piezoceramic actuator locations for structural acoustic noise

reduction. However, it was anticipated that the difference between panels B and C would

be much more pronounced. The analysis indicates that for the given panel and actuator

size, the optimum performance margin is narrow. Furthermore, when the analytical

results are carried out in real experiments, such narrow performance margins may not be

detectable.
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CHAPTER VII

CONCLUSION

By combining coupled finite element analysis, radiation acoustic filters, feedback

control theory, and optimal actuator placement using a genetic algorithm, a method for

predicting acoustic radiation control was developed and compared to experimental tests.

Analytical results were provided for both flat and curved panels with bonded

piezoceramic actuators. However, the formulation provides the ability to accommodate

laminated composites with embedded piezoceramic actuators and sensors. Furthermore,

the triangular shell formulation supports advanced anisotropic piezoceramic transducer

concepts. The analytical results show that the coupled finite element formulation is

imperative since the material properties of the piezoceramic alter the structural dynamic

response. This effect was most significant when anisotropic piezoceramics were

considered. The data presented clearly demonstrates that the anisotropic piezoceramic

provides enhanced performance over traditional piezoceramics for structural vibration

control of curved panels. The data presented for structural acoustic control of curved

panels with a single MFC actuator does not demonstrate improved performance when

compared to a traditional PZT actuator. This result is not unexpected since actuators

orientation angles of +900 are not considered.

However, structural acoustic radiated power simulations for fiat rectangular

panels indicate that MFC actuators do not improve the sound power attenuation when

compared to traditional PZT. The simulations indicate that MFC actuators may be best

suited for complex geometric structures requiring induced strain along a preferred
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direction. Anisotropicpiezoceramicactuatorsprovidecontrolauthorityalonga principal

direction,which introducestransducerorientationasanadditionaldesignparameter.

The coupled finite element model formulation developed with MFC is derived

from linear piezoelectric theory. However, further research is needed to validate the

linear piezoelectric assumption since the electric field distribution may in fact be non-

uniform along the length of the piezoceramic fiber. The potential non-uniformity arises

due to the geometry of the interdigital electrodes. Further research may reveal enhanced

transducer performance if the interdigital electrode geometry is optimized. To further

enhance the analytical models, it is strongly suggested that extensive mechanical testing

be conducted on MFC specimens to accurately determine their mechanical properties.

Structural vibration control of a single bonded MFC actuator was determined to

provide a significant increase in performance when compared to an equivalent traditional

piezoceramic actuator. Based on the results of this research, structural control can be

greatly enhanced by including multiple actuators, each with various orientation angles.

Such a configuration would result in various twisting actuators. Furthermore, laminated

composites panels with embedded MFC transducers should be considered in future

research efforts. Since multiple MFC actuators with various orientation angles embedded

within anti-symmetric laminated composites will provide interesting structural control

opportunities.

By incorporating the acoustic radiation filter concept, the structural acoustic field

is determined directly from the structural vibration characteristics. The radiation operator

utilized by the filters reduces the three-dimensional volume integration to a surface

integral and when applied to a discretized surface results in individual acoustic radiators.
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Theacousticradiationfilter wasimplementedfor bothanalyticalandexperimentalresults

for theflat panelconfiguration. Theradiationfilter conceptensuresa causalsystemsince

the soundpowercalculationusesthe structuralsurfacevelocity. By incorporatingthe

radiation filters directly in the state-spaceexperimental,or analytical, plant model a

consistentsoundpowercalculationisdevelopedfor comparison.

Theexperimentaltest validatesthe accuracyof the analyticalmodel. Therefore,

the analyticalmodel providesa designtool to determineoptimal actuatorplacementin

advanceof structureconstruction. Determiningthe optimal actuatorplacementusing

only anexperimentalapproachrequiresan inordinateamountof time andmaterialssince

the actuatorsmust be permanentlybondedto the structure. Analytical results were

determinedusingacousticradiationfilters for curvedpanelsusingfinite elementanalysis.

Theradiationmodalexpansiontechniqueprovidedanefficient computationalmethodfor

approximatingthe dominantacousticradiationmodesfor both analysisand real time

controlexperiments.

Feedbackcontrol is achievedusinga linearquadraticregulator (LQR) for both

analytical predictions and experimental tests. LQR control provides an optimal

performancelimit achievablefor ideal statefeedbackcontrol without anyuncertainties25

andis well documentedin the literature. Preliminaryexperimentaltestswere conducted

usingthe generalpredictivecontrol (GPC),however,the performanceinvolved optimal

parameterselection. Determiningthe optimum actuator locations might have been

obfuscatedbypoorGPCparameterselection.

The actuatorplacementoptimizationsearchtechniqueselectedwasa modified

geneticalgorithm. Thegeneticalgorithmwith stochasticcodingusedbinaryparameters
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mappedto the actuatorlocationsvia the finite elementmesh. Thefinite elementmodel

wasembeddedwithin the geneticalgorithmandthe structuralacousticattenuationwas

definedastheperformanceindex. TheGA performanceindexis thestructurallyradiated

noiseof the paneldueto a broadbandrandomacousticdisturbance.Acoustic radiation

filters, using the dynamicsolution of the coupledfinite elementmodel, computethe

structurallyradiatednoise. Therefore,the analyticalsimulationis analogousto the real-

time experimentaltestconducted.A commercialgeneticalgorithmcodewasselectedto

facilitatetheresearchobjectiveof finding theoptimumactuatorlocations.

The experimentaltest resultsagreedwith the analytical results. However, the

analyticalmodel,basedona transmissionpathbetweentheactuatorsandradiatedsound

power,indicatesthat theattenuationshouldbegreaterthanindicatedby theexperiments.

Therefore,theanalyticalmodelwasmodifiedto includeatransmissionpathrepresenting

the disturbanceto radiatedsoundpower. The analyticalmodel now providesdynamic

simulationsthat representthe experimentsconducted.Thesimulationswereverified by

comparingthe resultsto the experimentaltestdata. Furthermore,anadditionalgenetic

algorithm search was performed using the disturbanceto radiated sound power

attenuationas the performanceindex. The GA determineda new optimum actuator

location previously not considered. The experimentalresultsmay be improved by

increasingthe actuationvoltage signal; however,the signal remainedconstantfor all

actuatorconfigurationstested. Increasingtheappliedcontrol authoritywill alsoenhance

theanalyticalpredictedattenuation.However,carefulattentionwasplacedon thecontrol

effort penaltyto accommodatea globalGA searchmethod.An adaptivemeshingscheme
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would enhancethe analytical method by increasingcomputationalefficiency and

accommodatinglargerpiezoceramicactuators.

Thepredictedradiatednoiseof curvedpanelspresentedin AppendixA indicates

that the inherentanisotropicmaterialpropertiesof the MFC actuatorsignificantlyaffect

the overall structural dynamics. Future research should include experimental test to

accurately determine material properties of MFC actuators. Furthermore, future research

should include experiments to validate the finite element method with MFC actuators.
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APPENDIX A

MFC Structural Acoustic Simulation

Introduction

The following data is presented to further characterize MFC actuator performance

as compared to traditional PZT actuators. The data presented in Chapter III clearly

demonstrates that MFC actuators can produce results different than that of traditional

PZT actuators. However, the transfer function between the actuator and a single nodal

velocity output does not provide sufficient information to accurately quantify MFC

actuator performance. Specifically, additional information is required to fairly evaluate

MFC actuator performance regarding active structural acoustic control. To this end, the

following acoustic simulations are provided for curved and fiat panels utilizing surface

bonded MFC and traditional actuators.

Curved Panel Simulation

The simulation is performed using an aluminum 10"x14"x0.040" curved panel

with radius of curvature R=96 '' and a 2"x4"x0.010" actuator located at the panel center.

The actuator is modeled first using MFC properties and then repeated using traditional

PZT properties for comparison. The triangular finite element mesh of 144 elements

shown in Figure 3.5 is used. The simulations follow the procedure outlined for fiat

panels subjected to a random acoustic disturbance presented in Chapter VI. However, the

radiated sound power is determined by implementing radiation filters for curved panels as

described in Chapter IV. The radiation filter is based on the radiation modal expansion

technique using fifteen discrete acoustic radiators. The fifteen elemental acoustic
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radiators are selected to correspond to the measured acceleration points used during the

experimental investigation of flat panels.

The simulation performed considers actuator orientation angles of 20, 35, 45, 50,

60, and 70 degrees. The acoustic disturbance used has an overall sound power level of 92

dB and is depicted in Figure 6.13. The actuator performance is determined by

considering the reduction in radiated sound power between the open and closed loop

conditions as described in Chapter VI.

MFC and PZT results for 20-degree orientation angle are shown in Figures A. 1

and A.2, respectively. An overall attenuation of 14.48 dB is achieved for the MFC

actuator and the PZT actuator achieves 16.72 dB.
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MFC and PZT results for 35-degree orientation angle are shown in Figures A.3

and A.4, respectively. An overall attenuation of 14.72 dB is achieved for the MFC

actuator and the PZT actuator achieves 23.98 dB.
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MFC and PZT results for 45-degree orientation angle are shown in Figures A.5

and A.6, respectively. An overall attenuation of 3.92 dB is achieved for the MFC

actuator and the PZT actuator achieves 19.27 dB.
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MFC and PZT results for 50-degree orientation angle are shown in Figures A.7

and A.8, respectively. An overall attenuation of 9.94 dB is achieved for the MFC

actuator and the PZT actuator achieves 17.78 dB.
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MFC andPZT resultsfor 60-degreeorientationangleareshownin FiguresA.9

and A.10, respectively. An overall attenuationof 12.83dB is achievedfor the MFC

actuatorandthePZTactuatorachieves16.64dB.
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MFC and PZT results for 70-degree orientation angle are shown in Figures A.I1

and A.12, respectively. An overall attenuation of 4.79 dB is achieved for the MFC

actuator and the PZT actuator achieves 23.21 dB.
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The simulation data indicates that the MFC actuator does not perform as well as a

traditional PZT actuator. Keep in mind, however, that traditional PZT may not be

suitable for skewed angle placement on curved panels. Furthermore, when considering

active structural noise control a single actuator located at the panel center and skewed is

not expected to perform well. To rigorously evaluate MFC actuator performance the

finite element model should be modified to facilitate arbitrary actuator placement

including orientation angles of +900 . Initially, the research objectives were aimed at

addressing this concern; however, piezoceramic actuator placement on fiat panels became

the primary objective of the funding agent. However, to further evaluate MFC

performance the finite element model utilized in Chapter VI is modified to incorporate

MFC actuators. Since the finite element model utilizes rectangular elements, the MFC

orientation angles are limited to +900 . Furthermore, the rectangular plate elements do

not facilitate curved panel structures.

Flat Panel Simulation

The finite element analysis used to simulate MFC structural acoustic control

utilizes a modified rectangular high precision plate element with 24 nodal DOF with an

electrical DOF. The finite element model is modified to incorporate MFC actuator

electrical and mechanical properties. The simulations are repeated using traditional PZT

actuators. The simulation is conducted using the flat panels in Chapter VI referred to as

"B" and "revised optimum." For clarity, the "revised optimum" panel is referred to as

panel E. The simulation is identical to the procedure described in Chapter VI for flat
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panels. TheMFC orientationfor panelsB andE aredepictedin FiguresA.13 andA.14,

respectively.
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The open and closed loop sound power for panel B with MFC actuators is shown

in Figure A. 15. The overall sound power attenuation is 3.96 dB for panel B with MFC.

However, the overall sound power attenuation is 3.36 dB for panel B with PZT and is

shown in Figure A. 16.
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The open and closed loop sound power for panel E with MFC actuators is shown

in Figure A. 17. The overall sound power attenuation is 4.68 dB for panel E with MFC.

However, the overall sound power attenuation is 4.62 dB for panel E with PZT and is

shown in Figure A. 18.
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For flat rectangularpanelsthe two MFC actuatorsperform slightly better than

traditionalPZT actuatorsfor structuralacousticnoisecontrol. However,a singleMFC

actuatordoesnot performaswell asthetraditionalPZTactuatorfor curvedpanels. The

MFC actuatorconceptprovidesincreasedcontrol authority along one of its principal

directions. Therefore,it is anticipatedthat the MFC actuatorconceptis bestsuitedfor

structuresrequiring induced strains along a particular direction. The simulations

provideddonot explicitlyaddressstructuresof this nature. It is recommendedthatfuture

researchaddressmultipleMFC actuatorsfor structuralacousticcontrolof curvedpanels.
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APPENDIX B

Test Instrumentation

PCB Accelerometers Model U352C65

Table B. 1 Accelerometer List

Channel Serial Number

1 19175

2 20027

3 15683

4 20620

5 19215

6 15865

7 15823

8 17876

9 18981

10 19132

11 18711

12 19138

13 19139

14 19134

15 19148

Modal Shop Microphones Model TMS E 130P11

Modal Shop Microphone Preamplifier Model TMS 130A 10

Table B.2 Microphone List

Channel Microphone s/n Preamp s/n

1 5206 5309

2 522O 5294

3 5904 5332

4 5214 5331

5 5217 5312

6 2752 5274
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AccelerometerAmplifier
PCBModel481As/n261

MicrophoneAmplifier
PCBModel 583As/n898

PiezoelectricActuatorAmplifier
PCB/AVCModel790A01
PCB/AVCModel790A01

s/n238
s/n239

Loudspeaker
Altec LansingModel817A s/n01549

AudioPowerAmplifier
CarverModelTFM 42 s/n91810500007

Audio Equalizer
TechnicsModelSH-8065s/nmb5402b025

AccelerometerCalibrator
PCBModel 394C06 s/n 1856

B&K SignalAnalyzerModel2032 s/n 1123814


